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PREFACE . , .

The Structures and Materials Panel has discussed the problems of materials in the gas turbine environment on a number
of oecasions in past vears. In 1982 a sub-committee was formed to promote a Specialists” Meeting on the overall philosophy
and theimplications of introducing damage tolerance concepts (IDTCyinto the design and use of critical engine components.
The damage tolerant philosophy offers potential cost savings of considerable magnitude when compared with a safe-fife’
approach, if only such a concept can be implemented with an asurance that current safety standards will not be prejudiced.
As an example of possible cost savings, it has been estimated that over 80% of engine dises have 10 or more low cvcle fdusuc
lives remaining when discarded under “safer-life” rules. and its is this uscful remaining life that the DTC aims to exploit in
service, Apart from cconomic advantages. the DTC approach offers a practical method of using modern hll_h strength dise
materials that could be rejected by the application of safe-life conditions of usage. oo .

The structure of the meeting was such that it concentrated upon the parameters important in the application of DTC
and the specialist technigues supporting this approach. The treatment of the engine as a complete system was addressed in
the opening and penultimate sessions, which permitted liaison between the AGARD Panels, dealing with Structures and
Materials on the one hand and Propulsion and Energetics on the other. and a joint discussion on the problems of engine
lifing. The audience. in the final discussion, clearly expressed a continuing interest in DTC and encouraged the SMP to
arrange turther specialist sessions on this topic.

D.A.FANNER

Chairman — Sub-Committee on
“Damage tolerance coneepts for
critical engine components™
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DAMAGE TOLERANCE CONCEPTS FOR CRITICAL ENGINE COMPONENTS

INTRODUCTORY REMARKS
by
M J WEAVER

Materials and Engineering Research Division
Propulsion Department
Royal Aircraft Establishment
Pyestock, Farnborough, Hants, UK.

Up until about ten years ago both engine and airframe components were, in general,
designed and lifed according to a "Safe-life" philosophy. Following a number of
unexpected, defect related airframe failures in the late 60°s and early 70°s, a damage
tolerance airframe design code was adopted® which made the assumption that specific flaws
could always be present and that the structure had to be shown to be tolerant of these
defects with regard to safety for a given period of time. Engine design and 1lifing
philosophy, on the other hand, has remained Safe-life oriented and only relatively
recently has it been widely suggested that damage tolerance design and lifing procedures
should be applied to critical aero engine components.

Before introducing the subject of damage tolerance and, in particular, defining the
objectives and format of this Conference it 1is worthwhile to review briefly the concept
of Safe-life design and lifing procedures as applied to engine components, especially
discs. Disc Safe-life 1limits are defined by undertaking a statistical analysis of
representative fatigue data in order to establish the cyclic, in-service life at which
about 1 in 750 (in USA this fiqure is approximately 1 in 1000) components will have
initiated a fatique induced crack of approximately 800 microns (1/32 inch) in length? .
In the UK these representative data are determined by spin-rig testing actual engine
components whereas in the USA more reliance is placed on declaring safe-lives based on
data obtained from complex test piece evaluations. It has been estimated that 80% of
discs have over ten 1low cycle fatique lifetimes remaining when discarded under the
safe-life rules3., It is this apparent inefficient usage of potential component life that
prompted the United States Air Force (USAF) to institute its Retirement-for-Cause (RFC)
lifing policy, a policy aimed 1initially at running discs on beyond their declared
Safe-life until quantifiable damage had been identified. Reducing cost-of-ownership is
one argument, therefore, that can be put forward for moving away from the established
Safe-life policy.

A further disadvantage of the Safe-life concept 1is that it assumes components
entering service to be free from any major, untoward defects. To some extent the
statistics of Safe-life testing take account of the possibility of there being a defect
present but, bearing in mind the small sample of test specimens used to establish the
representative fatique data, it is unreal to assume that every possible size, shape and
location of defect could be taken into consideration. What is more, the likelihood of a
premature, defect-related failure occurring is closely related to the maximum stress to
which a disc is subjected in service. The advent of .dvanced, high strength disc alloys
1s tempting designers to increase disc operating stresses in order to allow both higher
rotational speeds and reduced weight. Unfortunately, a situation can arise where, if a
very high stress is in combination with even a small rogue defect, then crack growth from
the defect may be induced and a disc burst precipitated well before the declared
Safe-life has been achieved. Utilisation of the full strength potential of modern disc
alloys may only be possible if an alternative to the Safe-life philosophy is adopted,
otherwise the current safety margins could be eroded.

Although the Safe-life oConcepts currently in use have coped very successfully with
the demands imposed upon them during the past 20 to 30 vyears, the above examples
highlight limitations that are beginning to surface now that significant upward
movements 10 component utilisation and stressing levels are being sought. Both of these
limitaticns can, in theory, be overcome by augmenting or replacing Safe-life with a
darage tolerance lifing concept, a fundamental principle of which is th. acceptance by
both manufacturer and customer/licensing authority that critical engine components are
not necessarily freec from cracks or harmful defects. Confronted with this situation, a
ranufacturer has to demonstrate, probably by utilising advanced stress analysis and
fracture mechanics methodology, a cyclic lifetime for each component whilst maintaining
an adequate level of safety. After the initicl declared life has been achieved the
component ay  be  cleared for further periods of service depending on detailed
circumstances and the 1ssuing of a clean bill  of health following a mweticulous NDT
inspection.

This, very briefly, is  damage tolerance; any move away from Safe-life to this
alterrnative means of l1i1fing critical engine corponents will bhave widespread amplications
on many of the established desigr and lifing practices, o.q. raterials selection, farlure
¢criteria, safety and inspection reguirements, A rajor obiective of this Conf rence i1s to
define ard debate the 1mportant 1ssues  coverning the anplerentation of damage  tolerance
concepts, The opening  Session 1s  antended s set the  overall  scene with  papers
describing the current philoesophies as seen from Arcrican and Farcpean viewpoints.
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\ To redict how a component containing defects will behave in an engine requires the
i detailed knowledge of a wide range of parameters. These include:-
- the nature, size and likely distribution of defects,
v - the predicted component usage 1n order that the stresses, strains,
. temperatures and loading patterns being imposed on the defects can be

calculated,

- a detailed understanding of the factors influencing the rate of
cyclic crack growth for the particular material in question,

- the metallurgical structure throughout the component.

TV ...

These and other factors important to damage tolerance concepts will be debated in
the 2rd and 3rd Sessions of this Conference. 1In Session 4, a series of case histories
will be presented which, it is hoped, will help to identify the strengths and weaknesses
p of the current state of the art of predicting the behaviour of defects in real gas
l turbine components.

Finally, there are three questions that should be tabled right at the start of the

Confererce in the hope that some measure of agreement can be reached between attendees by

the time the Conference ends. The first of these is: "What 1is really meant by damage

tolerance?" At present almost everyone has his or her own detailed interpretation of

what is implied by the phrase "Damage tolerance", particularly when applied to gas

. turbine engines. If these concepts are to become part of the accepted engine design and

' l1fing procedures then there are obvious advantages if the engine fraternity as a whole
. 1s, right from the outset, thinking in terms of a unified concept.

The secornd question is: "Are damage tolerance concepts really required?" It would

- af pear that one of the major driving forces behind the introduction of a damage tolerance
design philosophy for engine components is the USAF, first with its intention to
irplement RFC and, latterly, with the ENSIP approach. It will be interesting to assess
whether the arguments in  favour of the US military moving towards damage tolerance
I concepts are equally applicable both to other military users and to the civil engine
freld. The jpreface to the programme announcing this meeting states that the

. introduction of damage tolerance concepts into the design and use of critical engine
V. components offers considerable economic benefits through the safe and extended life thus

. pernitted. If these benefilts can only be realised by having at one’s disposal a complex
. and expersive  ron-destructive testing (NDT) facility, then their implementation by a
- relatively small fleet operator may not be cost effective unless, of course, the operator
1s prepared to  buy a  service eisewhere from a specialist NDT facility. This may be
I practical for a civil operator but military air force chiefs are unlikely to be very
happy about  such an  arrangement., There is likely to b2 much debate both at, and

subsequent to, this Conference over the role of NDT in damage tolerance lifing schemes.

The firal ¢restion is: "How safe  1s a darage tolerance lifing philosophy?". The

R maintenance of adequate levels of safety is  pararount in any engine design and lifing
scheme; in darage tolerance, as with Safe-li1fe, the statistical aspects are crucial.

Although ncne of the papers s specifically addressing this point, it is hoped that

» contributors will, where possible, discuss and stimulate discussion on this i1mportant
toplo. £, fer lifing purpeses, 1t has te e assumed that the biggest defect is situated

. in  the most highly stressed area, which also happens to be an area cof [oor
T

crostructure, then how likely 15 1t that a disc designed to a damage tolerance code
will ever be allowed te leave the ground?

o o . " w4 . -
. R V" Jeones, 1in his book "Most Secret War", recounts 4 saying that he attributes tco
e a Umiversity  colleague and which 1s  appropriate to iterate at the start of this
[ ] cenferense:

Do not think what you want to think until you Xrow what you cucht te know."

tact +hat thi: Internaticnal Conference has been called 185 a pesitive 1ndication

- tiat eraIne ¢ unity  1s already thinking 1n termrs o danaage tolorance desiang it
° wiil e inters 2ting to ascerrain  during the course of the precting whether sufficliert
. wnewliedee 1s te hand in order to allow 1ts rmediate =afe and benefy val arplepentation.
g REFERENCES:
. Fudd,  "Arforce Caraage Tolerance Desian Phiilesophs ", e
- Thedas, 1oRd, 1 1334-141. R
R <. W J Evans v oal, "Disc Fatiaoe a8 Predictions for Gas Turboores"; i
N AGARD-CF~ 368/, 1984, Paper 1. 4
" 3. J A Harris ot al, "Fraine Jenponent Retirerent for Caase ' .f . ]
[ | AGARD=CE= 117, 19R., vPajoer -, S
" 4. RV Jones, "Megt Secret o War”. o Drshod yoHarssh Haraltoeon [ed, T8,

. '|

-

M




1.

DAMAGE T0OLE RANCE CONCEPTS FOR CRITICAL ENGINt COMPONENTS

R H Jeal
Chief Matertals Engineer
Rolls-Rayece Lamited
Derby
UK

INTRODUCTION

The cost of fairlures 1n gas turbines has always been so high, both in human and
financial terms, that tt has been recognised since the earliest days that the
behaviour of components had to be fully charscterised before the engines were used
1 oservice.,

The 1ntegraity of the gas turbine has therefore always been based upon twao
separate phases of development,

The first has been the basic design 1tself where, as well as ensuring that the
individual components meet their basic mechanical purpose, the designer attempts
to match his understanding of the operating conditions to his perception of the
capability of materi1al chosen. The second has been the 'development' phase where
the octual behaviour of the component has been assessed either as part of an
aperating engine - 'bench engine testing' - or as an 1ndividual component - 'riq
testing' - under conditions which are related to those the engine 1s expected to
See 1hoservice,

Ihe results of this work are then used, together with prior experience, to
tdentyfy tbhe craitical components of the engine, those that prejudice the safety
af the arrcratt 1f they farl. Safe li1ves are set, after which components must
be removed 1t engine anteygrity 1s to be maintained.

Because of the tyme and costs 1nvolved 1n testing engines to failure under

service enoditions, coupled witnh the uncertain knowledge of those conditions,
various assumptions and models have been used to accelerate such engine tests and
also devise aodividual component tests. For the same reasons various criteria have
been devised to set limits to the conditirons worked to itn the design phase so that
a component did not ga round the destgn-development loop too mhny times.

IThe net result of all this work has been to set a 'damage tolerance concept' for
critreal engaine components which was valid for the design requirements at that
time. If the design requirements had not changed there would probably be no

need to alter the earlier perceived concepts. However, the constant search for
cheoper, mare efficient engines with higher thrust - weight ratios has led to
campuanents operating under bigher loads and temperatures for longer times and the
use of more complex metallic materials with different behaviour modes than those
which formed the basis of the original behaviour models. Such changes have
theretare led to the need for different damage tolerance concepts and in particular
4 change an emphasas from the earlier empirically based approaches to ones based
upan o more fundamental understanding of the physical phenomena involved in
material and component behaviour. The behaviour of the materials needed to meet
the component demands of the new engtoes now being designed are so tar removed from
those used 1n the ecarly engines that concepts based upon a real understanding of
tatal bebaviour are essential 1f reasonable engine 1ntegraity 1s to be estabilished
1noany sate, cost effective manner rather than be driven 1n empirical steps by

the atter effects of tn-service farlures as has been the tendency 1n the pasgt.

This paper traces the development ot domaqge tolerance concepts from the earliest
davs examines the current situation an the light of design needs and avairlable
technotogy and tocks ot poossable directyons tar the future,

uﬁihf\iti U}‘Jijﬂ

Ihe carliect desrgn concepts used for gas turbhines were based, 1n the main, on
experience derived trom rtecaprocating engloes and superchargers made fram ferritic
and aostenttie gteelu, and alumitniom allovs, Mechanitcal anteqgrity of rotataing
parts was baced, theretore, on the simple overspeed crateria stall enshrined 1o

the majoraty ot requlations gqoveroing gas turtine design using models ot
materials behaviour based ugpon the soliyd mechanies ausumptions that all materialsg
are elastae asotropae homageneous cont toua, Provided that stress levels were
Timited to below the vield stre:ss such an approach was reasonably valad

Deviat tong from the material model duae to defects and discontinuities were dealt
with by o contraolling and asseassing the conponent during manutacture, rejecting
thear that did not meet the model. The real problems aof the dav, concerning

cambastyon cans, turbane blades aod vabration problems, where there was ittt le,
Lf ans, relevant praior experience, were dealt with during extensive development
ecogine testang, The ahart Tife af hot end parts Jed to fregquent in-service engine




T o ST

&0

0

By
e LA

s

-,

e N E L e s e v b S ah AR e e —u

strips and the critical components were rejected whenever cracking was seen on
inspection. However, the low loading factors imposed by other limitations meant
cracking rarely occurred. When creep was recognised as a failure mechanism
limitations were 1mposed to avoid operating in that regime.

Cyclic bench engine tests were kept running under representative service cycles
ahead of the engines out 1n the field, the problems so revealed acted upon Lefore,
hopefully, they occurred in service.

In summary, therefore, the approach was very simple.

al A simple materials behaviour model was assumed - Fig 1.

b) Components were designed using criteria set to stay within the model
{avoiding creep and plasticity considerations).

c’ The material was chosen, manufactured and inspected to meet the model behaviour.
d' Llife was evaluated using bench engine testing.
e All parts were examined on frequent strip overhauls and cracked parts rejected

- a sort ot an condition approach.

As the demands on designers grew,.naterials with higher yield stress, higher

creep limits, and lower densities were needed leading to the introduction of nickel
base superallovs and titanium alloys. Up until this time, in the mid to late
1990's, fatigue had been caonsidered a phenomenon assoclated with vibration and
resonance, something to be designed round. Now with the higher operating stress
levels allowed by the tensile properties of the new materials, the longer time
between overhauls created by better hot end materials and the differing behaviour
of new alloy systems 1t was found that the old design/development concepts were

not sufficient. A number of bench engine and in service failures occurred at
unacceptably low lives.

THE LUW CYCLE “ATIGUE APPROACH

Analvsis of the failures soun showed that, at the stresses permitted by the
overspeed design criterion, fatigue failures could occur 1n a small number of
cveles related to numbers of ailrcraft flights or missions. This phenomenon was
soon reproduced 10 simple laboratory tests and, by the late 1960's empirical
data banks were established of stress/life (S/N) plots covering various
temperatures and component teatures 1.e. "notches". This approach was grafted
nnto the ecarly component behaviour concept as setting an additional stress
limitatiron during the design phase. The maximum permitted stress

wis o set by the requirted life - or vice versa - and read off fatiqgue design curves
which were derived from the laboratory measured data, modified by component test
results, and treated with suitable factors to allow for scatter in properties

The exaisting arbatary lite end point of first vasible {(or engineering'’! crack
was taken tor companents and separation was used for specimen end point. Stress
anaglyvsis ot the components and specimens  whilst using 1nereasing sophisticated
nathematreal technigues,  was still based upon the same simple behaviour model
ssuming an o elastie containuum, Increasing control was placed upon manufacturers
o oproduce uniform homaogeneous camponents which were subjected to rigorous \DI1 of
the surtaces to avord aor reject any "defects",

me divergence of approach emerged in Narth America and lurnpe. the requlating
Sutharities an the USA 1n the main FAAY allowed component lite declaration on the
Dasie ot design carves, whereas an Furope (both for civil and military engines’
the Tite ot andividusl components had to be established by cvelic ri1g testing tno
tatlure ander appropriate stress and temperasture conditionsg,

Three mapor dittreulties Limited the use of the simple approach as described

v,

N The deviatron from simple specamen stress-strarn behaviour in component s due
to Tocal ngeometry and cvelic hardening or softening of the materral

h Flraht cavelec were rtarely o sample up and down stress syastem bot congyated
of a comples seraes ot changes and holds in o stress - easpecrally an o mylatans
eogqines - that owere ditticult to relate to the design corve based apon wample
cave e
Lo depeadtant ettects tecame apparent at temperatures below the compon|y
grcaamed creen Tamita o wh o made aecelerated test ooy sonewhat dobrous an ceme
[T RN AN

Erparieal St b were used to o handie a1l o these dattacalt pen but o thee e 10

ontpoaed to o be that nt ggringg the ontaveraal o design o anoumpt yons wit'h oot ect pon

f oy r+v te allow far Yhe desviattonsg 10 bebay ponr .,




This approach, which 1s sti1ll current 1n many areas, depended upon:-

a) The original simple materials behaviour mode, modified to allow for fatique
assumptions.

b’ The end point of component life being defined as first visible crack.
c’ Materi1al behaviour beinyg ftully characterised by simple stress life curves,

d* Manufascture and 1nspection ot components to "defect free" standards.

e! The evaluation of individual component lives by representative rig testaing
as far as turope was concernedi.

The definition of end point was further refined to 'first engineering crack' of

a defined size tusually .010" deep by .030" surface length} to prevent declared
component lives being reduced by 1mproving inspection methods, Those defects -
defined as 'discontinuities that produced fallure outside the previously defined
scatter band' - that could not be found by 1nspection were eliminated by 1mproved,
and more expensive, manufacturing methods such as vacuum melting, forging for
refined microstructures and controlled machining operations.

tngine desi1gn concepts continued to demand bigher operating loads and temperatures
leading to further unpredicted failures on rigs and in engines due to the following
factors: -

o At higher stres.. levels the life margin between first engineering crack and
component failure became too small to be useful 11n some cases neyative! -
big 2.

O Discontinuities that could netther be found by available \DT methods or

eliminated by process control nucleatedevarly cracks.
tovironmental effects e.q. trettage, corresion? could cause early cracking.
! The strengthening methods used to 1ncrease the tensile, creep and low cycle
fat1gue properties of alloys produced fracture modes that are not covered
ty the caonventional behaviour mode.
Onee these problems are osccepted an alternative approach has to be found 1t we

aqre ta continue using matertals under the currently envisaged operating conditions.

INGPEUTTON REUATED APPROAUHE Y

1t the assumption 1s made that comporents contain discontinuities that get as
propagating cracks a9 new approach can be used.

This type ot approach, variously called life on condition, retirement for cause

or just "fracture mechanies”, assumes the presence of a crack just smaller than the
detection limit ot the 1tnspection method used to examine the component. This
crack 16 then assumed to grow in a manner predtceted by linear elastic fracture
nechantes or sone similar type of model which can be characterised by simple
lobouratory data. Cvelie rig testing of pre cracked components has shown that such
predictions are remarkedly accurate (Fig 3! provided appropriate laboratory data
16 used, In particular for gas turbine disecs 1t 1s 1mportant to use corner crack
data rather thaon "through crack" data because crack closure and other such effects
modify the etfective crack tip stress intengity thrg 450,

Unothas bhasis a Life to fatlure can be calculated thrg 9 arnd a safe propertion
used to declare o service life., Unce this 1s completed and the part passes re-
thspectinn a further life can be used and so on unta1l a crack 1s found.

Soonne can adopt a sample system: -

T Select the appropriate fracture mechanics model tor the applied condition ta
be atalvsed,

te Charactertse the crack growth parameters of matetri1al using laboratory tests,
. tatablish the detection Timit . of the 1nspection nethods to be used.

d Caleulate the safe life 1ocrement for the component .,

o Re anspect and, 1t crack tree, run for anather 1tnerement .

IThe method assumes that the component cracking mode 165 that characterised by the
Taberatory test agnd that the material still acts as an asolropie continuum, 1t

has been used very successfully to control an service situations both where the
presens e aof detects cannot be elaiminated by process control or where eatly cracking
iredter than "farst engineering crack' occurs an relatively Tow stiess arean o
diser nurh o as bolt holes or blade attarhment features,
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A both a design approach and o mode} oy real component behoavinur the method hay
X g numher of major disadvant ages: -
N . Ihe crack propagation properties of materials depend uvpon alloy type rather
- than strength o thot the high operating stresses peemitted by tensile and
o tati1gue properties of the newer allovs translates into shorter crack
= propagation Lives - Fyg o,
.
b The detect siezes that need to be reliably tound to give reasonable safe Tite
‘e inerements are at oor beyond the phygiecal DTimits ot todavs ANDE Technology,
oL Fag 7. These 1zen are now really setting the operating stress amits when
‘. this approach s used,
The bebhavicogr ob cnoall crovks cannot be predicted from that ot large cracks,
particularly when they are o samilar size ta the matepral microstructure -
Forg H. I the Llatter the basico ascumpt rton aof the approsch 1s sanlated,
: These diaadyvantages mean that the tospection pelated methods anly guve short l1fe T T T
| tnerement o which gt charter a0 Stress bevels rrae, They alse lead ta long .
) capensive inspectian methods whooe reditability can o only o be consaidered inoa
. Stataat ool maynner bag 9.
a
& The method alao depends gpon samplatuade betsween the cprack propagotion in the
component and that 1o the chatoacterising laboratory specimens -t microstructurally - - .
dominated crack growth acours the sethod oo Tonger gives acourate predictinns [ ]
. aod owet o the latter mode 1o dominant an current high strength alloys, ) .
i ! TOPAL L IhE CONCEPTS .
4 .
= Tt owe are to caontinue using materials at higher stress levels bt as necessary to S
; tully characteriae theryr total behaviour and desi1gon against the appropriate R
asable strength criterion, . "“‘
- The chvelie bebhaviour ot o any component gqoes through o cumber of lite phases: - .
c o Necleatton ot farat crack. e
H Microastractarally dominated crack growth,
‘ Hechanres dominated crock growfh,
o Faral anctabile growth,

Tt are shagn o Fag 10 related to component total Tife,

Whedr thee mode ot biehay tour of o materioals ot discontinogitaes s examined two types

o Gecur tance can by o seen:
) The drseonmitonity actys as o propagatang crack.,

t The driscontanuity acts oo o local stress rartser and a crvack nucleates 1o the

ot tonding mat s,
The ottt eq case ps Ly tar fhe most cammon aider envisaged conmponent stress strarn

givdit rone ot caretul conteal o of the manutacturing process enables the first

tage bt b e lgnnated tor thaose condirtyang, Crack nucleation alwavs takes place
ot ot ngrt s, eat e on extraneaus particles or some microstructurat . - -
St ot o traple poant o untavourdabiy arrentated grain, I hrgh strength .
bt als Yhe nature ot that o crack oucleataian as o anvartably o microstructoral iy e
telated with the metgllaragrcal crack size characterised by the appropraate ’
e retranc g al parameter fhara parameter s governed by the degree ot process s .
bl e e et tut b s oo becariiog posaaible to control o component
T Py e b0 oo estent that oeabes ot goab e approach, . ‘f
Povepies b o gk orawt bt s ale mrerasteactarally domrnated an o the cprack maves an ;5. ‘_7.‘
i Ot ¢ e, b o eraerpy o D upe po the gt ahead ot the crack tap )
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can be properly defined by manufacturing process control.

This approach therefore introduces a number of factors to combat the disadvantages
of the traditional fracture mechanics approach:-

a) The presence of crack-like discontinuities can be either eliminated or controlled
by manufacturing process and selection of defect tolerant microstructures.

b) A true nucleation and short crack life can be characterised and evaluated to
provide a model (or models for each type of cracking mechanism) for component
life prediction.

c¢) The traditional 'long crack' fracture mechanics approach can be used based
on a starting size related to microstructural consideration where similitude
has becn established.

This type of concept demands new models of material behaviour based upon the
realisation that materials cannot be treated as elastic isotropic continuous media
but can be considered as a series of anisotropic continuum units that sequentially
absorb strain and finally crack.

The concept demands levels of manufacturing process control that prevent the
formation of large discontinuities and controls the nature of small ones (such as
microstructure) in a way that produces reproducable behaviour. fhis level of
process control is now virtually available for Titanium alloys but there is some
way to go with Nickel Superallays.

The concept demands new types of alloys and microstructures to control local
deformation and crack behaviour within the material, rather than producing the
highest macro strength properties in the section. This has already been demonstrated
with Titanium alloys and similar concepts are beginning to show promise with the
superalloys.

Above all the concept demands that the predictive models used to assess the
integrity of components are based upon the real behaviour of materials rather
than trying to make the alloy fit the traditional model.

THE FUTURE

The future approach to the integrity of engine components, and the speed of
incorpuration of advanced damage tolerance concepts, must recognise two factors.

a) Current approaches are the result of accumulated experience, empirically
relating laboratory, rig and bench engine testing with in-service behaviour.
This experience is only as good as our understanding of the last "failure"

- extrapolation of the system to more arduous operating conditions and
'stronger materials' must recognise the danger of introducing new, unforseen
modes of behaviour which can, and will, cause early failure.

b' Current design goals for engines, in terms of efficiency, thrust/weight ratios
and costs, cannot be met by using current materials within todays experience
- we have to go to higher temperatures and stresses for longer times. To
achieve this safely we have to modify our approach to properly define the
behaviour of materials under the required conditions before committing
designs to achievable behavioural tarqgets.

The current low cycle fatigue approach to a poorly defined life end point cannot

be dismissed over night, as it enshrines much of our current experience. It must,
however be modified in the light of our new understanding of real materials behaviour
- 1n particular setting the boundaries of applicability of the basic assumptions,

and a recognition of the relationship between 'crack initiation' and subsequent

crack propagation.

If these limitations are combined with a full characterisation of the material
related to 1ts method of manufacture, the approach will remain a useful, if
empirical tool 1n ai1ding component life prediction.

txter,ions of the approach to new conditions must, however, be fully covered by
rig testing of components under representative conditions.

Wherever the bounds of the approach are exceeded, either during the design phase,

or where unforseen circumstances such as corrosion or frettage cause early cracking,
a fracture mechanics approach based upon inspection related 1nitial crack si1zes
offers a safe approach.

The inherent assumption that relatively largye undetected propagating cracks, are
present from the beginning of life, is however, a very 1nefficient way of  using
materials. We must find a way of accounting fer the presence of these
discontinuities, which act as local stress ratsers promoting what has been called

in the past ‘excessive fatique scatter’. Fig 12 plots this aut as a series af
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cyclic life curves where the end point is total failure of the part. The left hand
lowest life curve represents the inspection related approach. The extreme right
curve is that attributul to the engineers "perfect” material. Those in between
cover discontinuitiesof decreasing effect, The life increment over and above the
‘fracture mechanics' line is the sum of phases 1 (nucleation) and 2 (short crack
propagation) from Fig 10.

The behaviour of any discontinuity can be established from understanding its
'severity' and the imposed stress/strain field.

The severity will be dependant upon shape and size of the discontinuity relative to
the microstructure it is in - all factors which can properly and exactly be
controlled.

The severity will also be changed if the mode of material behaviour changes -~
hence such characterisation must taken into account the full range of possible
operating conditions. With the change from cross slip ductile modes to limited
slip microstructure modes commonly seen in todays high strength materials the
short crack phase becomes dominant in local behaviour.

Component behaviour then can be assessed by knowledge of discontinuity distribution
and stress/strain field.

Discontinuity severity and distribution have traditionally been taken into account by
the concept of scatter - materials have been controlled during manufacture to give
minimum scatter.

Such an approach is still valid - provided it is now recognised we must identify
and control the factrrs in the manufacturing process causing scatter separately
and assess their real behaviour rather than try to relate back the "ideal"

cont inuum,

Such approaches ofter the only real ways of dealing with the next generation of
materirals - whether ceramics or composites. The non continuum nature of these
materials coupled with their lack of ability to accept localised high strains
without cracking gives similar problems to high strength metallic materials.

7. CONCLUSTONS
The integrity of components can be maintained under todays high stressing
conditions, without necessarily resorting to a 'initial inspection crack' approach
provided the real behaviour ot the materials is recognised rather than
represented by the continuous approach of traditional models.
Such an approach has to include full investiqation of the following facts:
a) Material microstructure.
b} ODeformation and fairlure modes,
¢} Discontinuity severity and distribution.

d! Relationship of manufacture process to the real material produced.

e} Relationship of the material behaviour modes to a totgsl life concept of
component behaviour.

Recognition of the critical factors determining component li1fe and proper control
of them offers a secure way of ensuring the integrity ot components under the
ardugus condition now being experienced i1n new engines without resorting to the
conservative life approach based upon non destructive testing. [t 1s the only way
that newmaterials will be safely incorporated 1nto engines.,
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ENGINE CYCLIC DURABILITY BY ANALYSIS AND TESTING -
HIGHLIGHTS OF THE SPRING 1984 PEP MEETING

Albert A, Martino
Manager, Systems Development and Evaluation Group
Naval Air Propulsion Center
P.0O. Box 7176
Trenton, NJ 08628-0176

INTRODUCT ION

Research on gas turbine engine development during the past decade in NATO nations
has concentrated heavily on gaining better understanding of the relationship between
material characteristics, failure mechanisms, structural analysis and validation
testing for increased service life.

Recognizing this intense interest and activity level the Propulsion and Energetics
Panel (PEP) sponsored a specialists' meeting that surveyed the state-of-art technical
areas related to improving engine life and considered the technical and economical
problems and possibilities of advanced cyclic testing in the development of erjines.
Discussions focused on relationships between engine use and failure modes, accelerated
mission testing (AMT) development, critical material characteristics, component life
assessment methods, recent results of component and engine cyclic testing, and future
requirements were discussed,

Members of the Structures and Material Panel {(SMP) made outstanding contributions.

This 63rd Specialists' Meeting was held in Lisse, Netherlands, 30 May to 1 June
1984. The complete proceedings, including questions and answers of the discussions
that followed each paper are included in the report AGARD-CP-368, dated September 1984
and entitled "Engine Cyclic Durability by Analysis and Testing." The highlights of
those papers follow.

BACKGROUND

Historically it is recognized that powerplant development has set the pace in
aircraft system capability. Improvements in overall propulsion system capability have
been impressive and continuous., While performance in terms of thrust,
thrust-to-weight and specific fuel consumption has improved dramatically, so too have
engine durability and life. Both performance and durability have increased well
beyond the best ever experienced for reciprocating engines in fighter/bomber
applications noted Col. J.R. Nelson, USAF, who served as the Technical Evaluator for
this PEP meeting. However, he adds, that "due to sharply increasing engine
acquisition cost and very large overall costs of ownership, it is essential that
engine life be further increased. Almost as important as this increase in life is a
requirement that life values be accurately predicted at initial fleet introduction for
the engine and its components., In addition, usage must be tracked carefully in order
to maintain a close relationship not only between predicted and actual life, but also
between predicted and actual support requirements. This latter point is central not
only to fleet readiness to insure stability of operations, but also to controlling
support costs which, aside from the expense of fuel itself, are still several times
the initial acquisition cost and are very sensitive to unexpected
durability/reliability shortfalls."

A major reason for the high cost of ownership he explains, has been due not only
to shorter engine life than desired, but more significantly shorter
engine/component/part lives, The resultant instabilities in the engine support
system, especially initially, have caused significant, unplanned cost variances as
well as shortfalls in system reliability and availability, whether military or
civilian, This situation has led to intense government and industry interest and
research and engineering efforts to improve not only engine life itself but the
ability to assess and predict engine and engine component life/durability
characteristics. Progress in the past decade in both testing and analysis techniques
has been significant, particularly in the improved understanding of the major impact
of low cycle fatigue (LCF) on engine/engine part life, especially with respect to
enyine hot section part life. Considering this historical background, Colonel Nelson
says this specialists’ meeting was very timely.

ENGINE UTILIZATION

inderstanding temperature and load induced stress on critical engine components is
essential in predicting life for thermally sensitive parts, Nelson reported, A major
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problem is that there is no simple correlation between primary recordable engine
parameters and the resultant response at the component locations, This leads to
questions as to how much of data is required and how accurate meaningful life
prediction capabhility must be, To measure these parameters, some manufacturers and
users have an intetest in recording and real-time processing of in-flight data. The
purpose here is to have a real-time understanding of engine life usage.

In reference 1, the authors Breitkopf and Speer identify three basic methods for
determining engine usage:

“The use of nverall cyclic exchange rates for converting the flying hours into
the number of completed reference cycles or sequences;

The use ot different cyclic exchange rates depending on the nature of the
mission flown, and

Calculation subsequent to each flight on the basis >f the time history of the
relevant flight .nd engine parameters."”

They say experience shows that the life consumption ba:ed on ffying hours varies
for the same type of aircraft and engine in military use and diftrrences of a factor
ot 10 from flight to flight are not uncommon.

Therefore, for both economy and safety reasons, the use of overall cyclic exchange
rates can he acceptable only when the mission mix of all the aircraft is known, when
all engines undergyo the same mission mix, and when the 1ife2 consumption for this
mission mix is known. However they say all three prerequisites are not usually met,
‘eaning that high exchange rates must he used.

Breitkopf and Speer add "Fvaluation of the flown missions using different cyclic
exchange rates is probably the wmost commonly used method. 1In contrast tn the method
nf using the overall cyclic exchange rates, this procedure otfers the chance of
apprecianly jreater accuracy”

“1t rlown missions are classified aceording to specific characteristics and the
rolevant cyclie oxchange rates are determined on a hroad data basis for each class,
thas methoad can have safticient accuracy for cold section parts, and it can be the
sptinal solation tor such components in respect of the contradictory aspects of safety

it Lite cycle costs, Hut this is not very probable when it comes to the hot section
mMponents, since appropriate classification of flijghts in this case is very
slatorate,"  pFilgure 1 orepresents the flight course based on the time behavior of the

roator apeect,

They conclaled tnat "apparently the beginning and end of the flight, including the
clements ground time and departure, and landing and taxi, respectively, are of a
fotoraninistice character, with regard to both the succession of the elements and the
pattern of the oleoments.”

"The tijure shows the main characteristics which exert the greatest influence on
the stress behaviour of the hot section parts, and consequently on the life
sansunption during the flight, In principle, the influence of any sinjle parameter
cannot be regarded separately from that of the others,"

As an oxample, the authors cite a duty cycle with three different warm-up periods
ot 3, 10 and 29 minutes is represented in fijure 2. They found the shorter the
wirn-up phase, the lesser i3 the stress minimum and the greater (s the main cycle's
span,  With a warm-up period of 3 minutes in compariso n to 20 minutes, the life
consumption during this flight increases by 52%,

Rrietkapft and Speer (reference 1) report that "the on-line computation of the life
consuned during tha flight, and individually ftor each engine, out of the measured
relevant flijht and engine parameters otfers itself as the best solution," They claim
this procedure (s more accurate, less cumbersome and withoat the larje logistical
oxpendiiture the sn-jround evaluation of recorded flight data requires, The general
provedure is summarized in Figure 3,

Hreitkopt and Speer add that "because the thermal stresses have very Jreat
intluence on the lite consumption, they must be caleulated with great accuracy., n
particalar, the Jdetermination of the time behaviour ot the temperature distribution in
the critical components, necessary to achieve this high accuracy, presents a problem,
Preciass nunerical methods (tinite-element or difterence methods), which woald
stherwise He nsed, do not come into guastion because of the time and the amoant ot
computer hardware they require. Consequently, a rapid and accurate approximation
or cedare aust be used,®  Such a procedure is described in reference 1, andi the
authors conclate that this calculations procedure permits rapid approximation of
transient tempoeratures and thoermal stresses In the rotor structure of a 3as turbine
nyine, i that, a microprocessor systen can help implement the mothosd, also
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permitting the LCF life consumpton of components subject to thermal stresses, such as
HP turbine and compressor stages, to be calculated accurately in flight,

Edmunds and Lawrence (reference 2), also noted that "the high performance and
rapid response of modern military engines means that transient thermal stresses make a
significant contribution to the fatigue life utilization of critical rotating
components. This, coupled with the variability of actual usage, raises a requirement
for calculating transient thermal stresses from flight recorded data." They believe
that the methodology described in reference 2 is a "computationally efficient
procedure for meeting this requirement, The analysis is based on a simplified model
of the heat transfer and mechanics of the engine that is tuned with results of more
sophisticated finite difference and finite element computations., Applications to an
engine disc are described using data collected by on-board recordings. The results
are validated by comparisons with more detailed theoretical analyses - practical
constraints preventing a direct measuring of in-flight stresses. The integration of
the results into the overall lifing procedure is also briefly described."”

The authors (reference 2) recognize that "the numerical analysis models all
require substantial computational pnwer and storage and can only be effectively used
on a mainframe installation. However, a major restraint on the service monitoring
vperation is the requirement to operate on a mini-computer at a maintenance base and,
ultimately, on an on-board micro-processor. The use of the above tools is impractical
in these environments and hence, in order to meet the previously established
requirement, it 1s necessary to construct a simplified heat transfer/stress analysis
model that represents an acceptable compromise between computational power
requirements and accuracy." The remainder of their paper concerned itself with such a
model and the demonstration of the simplified model to reproduce the results of a more
detailed analysis of the high pressure turbine assembly of a military engine.

A great deal of discussion took place regarding the approaches presented in these
two papers. Some arguments concerned the amount of data needed to ensure "life
accuracy"; which fatigue model{s) should be used; and whether to perform real-time
calculations of transient thermomechanical stresses for all parts. No resolution was
reached.

Col. Nelson, a man of extensive experience with the development, procurement and
operatinn of U.S. Air Force aircraft noted that "the U,S. Air Force is committed to
onboard engine health monitoring and has required this capability on al! new engines
both for tracking events/usage and for understanding overall engine trending and fleet
support management. However, the level, format, and volume of data to be presented to
maintenance personnel for effective maintenance action is the subject of intense
interest and activity with no accepted solution as yet."

ACCELERATE MISSION TESTING

The overwhelming acceptance of Accelerated Mission Testing (AMT) throughout
government and industry was reflected by comments made by meeting attendees. This
approach 1s generally agreed to be a significant improvement over past gas turbine
propulsion system qualification testing techniques,

W.R. Tiylor (reference 3) reviews the evolution of engine development test
requirements in the United States Engine qualification tes 3 in other countries
(references 1 & 2) follow a similar pattern. Mr. Taylor stresses that the cost of
cwning of gas turbine aircraft engines today makes it imperative that the development
process proviuce a production engine that will minimize life cycle cost,

The TI.5, Alr Force "recognized this problem and one of the most significant
changes that has been made in the last 10 years is the incorporation of AMT into U.S.
development programs," Taylor says.

He detines AMT as:

"An engine test conducted in a ground test facility in which the test profile
hears a direct relationship to mission usage. The profile accounts for all
significant throttle excursions and time at high power that would typically be
seen in a composite operational mission.”

Taylor emphasizes these points: "1) That AMT directly relates to field usage and
2) That AMT accounts tor major throttle excursions and time at high engine power
settings.  AMT is primarily a structural durability test and it is important that
the detrimental portions of the mission be included in the test, The major throttle
oxcursions drive low cycle fatigue andt thermal fatigue failure modes, The dwell time
it high power conditions contributes to creep, stress rupture and erosion failure
phenomenon,”

In reterence 3, there is an identification of the background of mission related
testing, test cycle derivation, data sources and key parameters. Because AMT is
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expensive, Nelson notes that it is highly desirable that mnre extensive analysis in
the areas mentioned be accelerated to reduce the amount of required testing and,
therefore, test costs, The Technical Evaluator, Colonel Nelson, highlights during his
summarizing remarks the important area of facilities for the conduct of AMT, He
notes: "this extensive cyclic testing, especially of augmented turbofans, has required
redesign of facility hardware, both for creation of the proper environmental test
conditions and for durability of facility hardware itself, Particular attention must
be paid now to fuels, oils, and horsepower extraction equipment in order to assure
temperatures and flows appropriate to engine AMT conditions are maintained,
Strengthened test stand frames, inlet screens and louvres, and exhaust diffusers are
required. Overall facility maintenance costs are increased, Attention is required to
devise means of reducing these costs."

Since cost is very important, he says this session shows that efficiency of test
and modeling techniques must be improved. "While good correlation of AMT and field
usage-related distress is being achieved, AMT adds significantly to test hours of a
typical engine development with resultant increased cost of hardware, fuel and test
support,” Nelson says.

References 1, 2, and 3 discussed a variety of ways used to acquire actual mission
profiles of power setting or speed versus time, Taylor explains: "these profiles are
then combined into a single composite mission or set »f missions representing an
average aircraft mission usage. The composites are then reduced by the elimination of
part power dwell times and minor throttle transients that are not considered to
contribute to the overall life consumption of the engine.," There is no universal
methodology to complete the task just described. But Taylor notes that the
elimination process is a key step in obtaining an nptimized AMT cycle because it
reduces expensive and superfluous test cell time" (reference 3)., The engine problem
being addressed and the experience of the organizatinn seem to impact this process
heavily.

Taylor summarizes the benefits and limitations of AMT by noting that in the past
10 years, AMT has shown that it correlated well with field usage in life
demonstration. He adds that it is a useful tool for substantiating designs and
revealingy problems that require redesign. AMT is also useful for establishing field
and overhaul limits and the verificatinn of rework procedures. But he continues, "AMT
cannot completely address performance degradation because of the flight conditions are
not simulated in this static test. The total answer to engine structural durability
is not provided due to the stochastic nature of engine component life and synergistic
ettects between the simulated and nonsimulated failure mechanisms."

Taylor stresses that AMT does not provide the complete answer to engine structural
durability, and ygood design criteria, bench and component tests, continued update of
mission usage, and "lead the fleet" programs, are needed. "AMT is a major life
management tool that is a useful tool in promoting safety, reducing cost and
increasing system readiness," he says. Th=2 discussions throughout the meeting
strongly supported these statements.

LIFE ASSESSMENT METHODOLOGIES

several papers discussed the capabilities and limitations of current analytical
modeling techniques, and agreed that significant strides have been made in the last
two decades in engine structural analysis modeling techniques and design tools,
tiowever, as Nelson reports, the application of these tools, highlights the need for
further development. This SMP Specialists’ Meeting on "Damage Tolerance Concepts for
Critical Engine Components” should be a major step in that direction. Brief reviews
nf some of the models developed earlier showed that they did not accurately assess the
complex loading relationships of gas turbine engine components. These shortcor ings
were addressed to some deyree in references 8 and 16 where the Pratt & Whitney and
General Electric Company have each developed empirical models to address this problem,
These models are relatively simple and do not yet address multiple crack initiation
that actually occurs. Nelson believes the occurrence of these and other real life
. nts requires that development of analytical techniques continue., Furthermore,
resolution of additional questions is needed regarding: boundary c¢onstraints and their
accurate measurement needed to perform local stress tracture analyses; the required
materials property date for these analyses (especially with PM materials); and how to
cambine these considerations into o life determination,

Many presenters discussed the aspects that must he accommodated it a durability
1s3essment 1s to be predicted from a modelled engine component,  The tollowing lists

some ot these aspects and related pertinent discussion:

A. Houndary Constraints are the temperature, pressure ind bod forces, 1t is
Y I i

eyt determine these ttems accurately in order to have a "valid model resuolt",
N omany papers, the point took on dittereat torms such as: duty cycle etftects on
cmponents, on-board recording of data, dejradation efiecte, etce,  However, tor valid
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results, one must either measure the envirnnment or accurately predict it in order to
achieve a meaningful durability assessment.

b. Stress Analysis determines the stresses that the component loncal area
experiences as a function of the fluctuations of the bhoundary constraints during the
actual flights., As Nelson says the need for this 1s pointed out in reference 4, "a 10
percent lower stress can produce a 60 percent higher life.” The major problem is
"What level of accuracy is required?" Many presenters expressced the need for accurate
stress analysis but apparently this led to a compressed answer dependent upon the
amount of time and funding available. During any specific engine design and
deve:lopment, Nelson reports "the intent is to require the minimum effort to accomplish
the minimum level of acceptable accuracy. Also, an important facet of durability
analysis is the assessment of the design for fracture potential, 1In order to do this,
a fracture mechanics analysis must he conducted using the calculated stress values as
primary input.,”

c. Fracture Analysis 1s peribaps the fastest growing technology in the turbine
engine 1ndustry. This was discussed in detail in reference 3, and pointed out as a
need generated by the onset of powder metallurgy in references 6, 7 and 8, There is a
need to consider the environmental and synergistic effects of stress sequence and
temperature in conducting a detailed fracture assessment of an engine component.
"However, one must keep in mind that basic to the fracture assessment is "material
property"” generation at the appropriate environmental conditions and with material
specimens of proper metallurgical condition," Nelson reports,

d. Lite/Durability Determination was highlighted in many references. All
discussed different aspects of life determination and methods used for accounting for
damage accumulation. Nelson noted, "What can he said about each is that all were
different and none were totally wrong! In fact, this independent activity and
discussion of areas of disagreement as to parameter validity, sequencing, correction
factors, creep characteristics, use of classical models, etc,, is healthy and needs
N further encouragjement, There was but one short discussion of multiple cracking and
1 then only with respect to a given single locatinn, While this case is of interest and
should be modeled and analyzed for cause and effect, the case of multiple cracking
must be addressed wherein second, third, etc., cracks appea: in remote locations of a
. single structure, e.q., first in a bolt hole of a turbine disc then in a second bolt
hole for the web nonadjacent to the first crack, There was general agreement at the
PEP meeting that his analysis would be very ditficult and very dependent upon the
successtul development of models that consider single cracks, it does represent real
experience with some evidence that secondary remote cracking may delay or otherwise
affect initial crack growth in some structures. Such sophisticated analysis is an
arca which should be reviewed for progress and focused effort."

' In reference 9, Larsen and Nicholas note that during the past two decades the

'~ design criteria and material property reqguirements fcr critical structural components
- 1n United States Air Force gas turbine engines have changed drastically. "In the

fA 1960's, most critical components such as turbine disks and spacers were life limited
- by the creep and stress rupture properties of their materials," they say "less than
II ane percent of all rotating components were life limited by Low Cycle Fatigue (LCF).

However, demands for improved performance of advanced engines have led to design
increases in component operating temperatures and stresses, and the result has heen a
transition from creep to low cycle fatigue as the dominant life limiting mechanism in
the majority of rotatiny components. [n fact, low cycle fatigue has become the life

limiting factor for turbine disks in over 75 percent of desiygns." They also review
the 11,S. Air Force change from a "safe life" to "retirement for cause" (RFC) life
k management philosophy Larsen and Nicholas continue: "lLow cycle fatigue, defined by the
® time required to initiate a crack, is a stochastic process having considerable
- variabiity. In order to provide a safe component operating life, the conventional
. approach has been to use a lower bound on the mean LCF life that is equivalent to a

probability of 1/1000 of initiating a detectable crack during the design lifetime of
. the component. 1In practice, all components are removed from service after reaching
- this desiyn lifetime, and this translates into 999 out of 1000 disks being retired

.. from service which are still structurally sound." Figure 4, from a USAF analysis of
. the F100 lst stage turbine disc at retirement, indicates that 80 percent of the discs
] should have at least ten lifetimes remaining (reference 10).

In order to use the remaining life of these 999 disks without sacrificing
structural safety, the 1,5. Air Force started a revised life management philosophy
termed Retirement-For-Cause (RFC) on some components in advanced engines., Under R¥FC,
components must undergo periodic inspections and be returned to service if no cracks
larger than a certain size are detected. The authors say this procedure requires two
technolngies: the ability tn detect cracks larger than a given "detectahle size" with
a high degree of reliability, and the ability to predict crack growth rates and to
show that a crack of the "detectable size” or smaller will nnot grow to a catastrophic
si1ze during one inspection interval,

.
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Koul, Wallace, and Thamburaj, reference 1l report that "damage tolerance concepts
are being considered for use both at the design stage, for stress analysis and for
lifing procedures, and to establish intervals for inspection and repair during
service. It is assumed that flaws exist in parts as manufactured, at a size just
below the NDI detection limit, and these may be located in the most highly stressed
regions or hot-spots of the component. It is further assumed that these flaws wili
grow in-service, at a rate determined by the local stress (mechanical and thermal)
distribution around the flaw, the operating temperature and the environment. These
parameters will vary with time as a function of engine power setting (demand) and the
detailed time histories will therefore be a function of the operatinnal mission
profile or use. The general objective of the damage tolerance approach is to
establish expected crack growth rates for realistic operating conditions and to
implement NDI procedures with an appropriate level of sensitivity, reliability, and
frequency to ensure that cracks can be detected and if feasible maonitored in service
to a point where risk of rapid or unstable crack propagation becomes severe, Flawed
parts are therefore retired on an individual basis when their condition dictates. The
"ecritical" crack length, or length at retirement is therefore a function of many
variables including material type, component design, operating environment, engine
usayge, engine use monitoring system employed and NDI procedures employed." Figure 5
illustrates the UsAF damage tolerance approach to life management of LCF limited
enjine compHnents,

In reference 11, the authors also provided an interesting look at the life
extension possibilities of major components ~ namely turbine blades and turbine and
compressonr discs.

As Koul, Wallace, and Thambura] report: "Improvements in component operational
capability have essentially been achieved through proper adjustment of the alloy
chemistry to increase the volume fraction and to decrease surface degradation.
Proyress has also occurred in new processing techniques, Perhaps the most remarkable
development in this respect have been the introduction of directionally solidified and
single crystal blades, and the manufacture of powder metallurgy compressor and turbine
discs."

"Data showing the heneficial effects of hot isostatic processing on the
stress-rupture properties of new and service exposed Ni-based superalloy turbine
blades were presented. Creep design methods that are generally used to highlight the
service induced degeneration effects were critically analyzed. A new life prediction
method that systematically analyzes the creep degeneration effects with increasing
service life was proposed.”

“"The influence of machining operations on the LCF properties of IN901 have been
evaluated (reference 12) and the results indicate a 3-5 fold increase in LCF life of
Flectro-discharge machining (EDM) plus abrasive flow machining (AFM) samples when
compared with samples machined by conventional methods."

CRITICAL MATERIAL CHARACTERIZATION

Ir. A,J.A. Mom presented an outstanding paper (reference 5), a comprehensive
overview of the AGARD SMP activities on turbine engine technology over the last 10
years., These activities covered most of the material related aspects in gas turbine
technologyy trom the initial design to the retirement of components. Topics were
grouped as: 1) the development and application of advanced materials, 2) material
properties and behaviour, 3) material processing and fabrication technigues, 4)
maintenance and repair and 5) life prediction methods.

One of the strongest messages developed at the PEP meeting was that the key to
meaningful life prediction analyses and cyclic test evaluation is the generation of,
and sound understanding of, materials properties under proper environmental and
metallurgical conditions., 1In reference 5, I[r. Mom reviewed life prediction methods,
When one considers the complexity of the relationships, the loading definitions
required, the knowledge of material performance necessary to predict component life,
and the desire to incorporate all this into an effective system, you realize the
enormity of the technical challenge, Everyone also recognizes the need for such a
tool for aircraft propulsion development to continue and meet the safety, performance,
and economical goals of the tuture. The amount of activity in all realated areas
tdentified at the PEP meeting was encouraging.

Ir. Mom's paper included an extensive discussion on powder metallurgy. He noted
that "the production of engine components (and i1lso aircraft structural components)
out ot superalloy or titanium powders has received considerable attention in recent
years. Powier Metallurgy (PM) offers considerable potential advantages: in large
components a much better uniformity in properties can be obtained then by conventional
targing ot ingot material, Furthermore the technique also otfers a considerable cost
reduct 1on potential because of (near) net shape forging by hot isostatic pressing
(HIP) capabilities,”
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In reference 6, Dr. Konig, evaluated "the mechanical properties of
powder-metallurgical nickel-base superalloys in order to predict the behaviour of
advanced aero-engine discs in comparison with conventional wrought nickel-base (e.q,
Waspaloy; IN 718) discs. The assessment included tensile strength, crack initiation
and propagation fatigue life as well as the influence of mean stress. Special
emphasis was put on the question about the scatter in fatigue lives resulting from
defects in the material (e.g. oxide inclusions) and on the surface {(e.g. grooves),
The tolerance with respect to these defects was estimated on the basis of fracture
mechanics methods.,"

It was interesting to note that Dr, Konig - recognizing that the most common
feature to produce high strain ranges in discs are notches, such as bolt holes,
cooling holes or blade slots - used specimens with internal holes in cyclic spin tests

to obtain material data for the bhehaviour of these type of notches. Some meeting
attendees were interested in the effectiveness of this evaluation method. Further
discussions seem warranted.

Many authors, especially Poret, Guedon, and Pineau, showed that grain size alone
has significantly different effects on crack growth rates in the same material
composition. 1In addition, the location of the crack in the surface or subsurface and
the surrounding stress gradient play an important role in the resultant fracture life
value.

Dr. Schneider and Crunling (reference 13) discussed the mechanical aspects of high
temperature coatings. The role of protective coatings in modern gas turbine engines
was re-emphasized. Coatings are essential in preventing erosion, corrosion, oxidation
and overall wear, The selection of the best coating process is, however, a compromise
typical of most unique design processes. Coating durability, adherence, environmental
protection, and the impact of the coating on base metal mechanical properties must be
considered, In the second part of reference 13, the two men noted the influence of
the coating on the mechanical properties of the coated component. Under either static
and/or cyclic loadings, they said "a coating has some influence either through changes
in the material properties due to a different heat treatment or through changes in the
surface of a component due to the presence of the coating. Therefore, a coating
alters the condition for crack initiation, The changes in materials may be positive,
negative, or negligible."

COMPONENT AND ENGINE CYCLIC TESTING

Turbine blades and rotors are expensive and critical engine components., A
reliable and accurate lifetime prediction of these components is essential for optimal
use of gas turbines, A major difficulty in predicting the crack initiation life is
accounting for the high temperature effects of creep-fatique interaction and
environmental attack., Various life prediction approaches seem to work well for some
alloy systems but not for others and this is attributed mainly to differences in
materials response or capacity to absorb different types of damage. 1In reference 14,
Nazmy, Wettstein and Wicki reported the results of their examination of the high
temgerature low cycle fatigue (HTLCF) behavior of the blading alloy IN738 in air at
850°C. They said this enabled them to have a basic understandinyg of the behavior of
this alloy as well as to tes* the different methodologies used in life time
prediction., Another part of the investigation focused on the influence of
environmental effects on the HTLCF behavior. These conditions were chosen to simulate
the conditions imposed on the gas turbine blades, and therefore mainly sulfur
containing environments were used.

These authors concluded that:

a. "Using one set of HTLCF data three different lifetime prediction methods were
evaluated. The strain range partitioning and Ostergren methods both showed
comparable predictive capabilities that were better as compared to the
frequency-separation method,

be HTLCF life is affected in a pronounced manner by prior exposure_at 85n0°C in the
hot corroding environments studied here. Prior exposure at 750 C in the
studied hot corroding environments caused some reduction in the HTLCE life of
IN 738 specimens. The prior exposure at 700 °C for 600 hr, in the studied hot
corroding conditions did not affect the HTLCF life of IN 738 specimens."

With reference 15, Ponsford and waddington took the meeting attendees into the
very real world surrounding the design and development of a cast directionally
solidifed high pressure turbine blade for the Rolls Royce RH211-22B enygine,

Rolls Royce recognized that it needed a method of proving the design beyond the
normal endurance testing to simulate the service 1ife of the turbine blade, This led
to the creation of the intensive cyclic endurance program, The program aimed to prove
that the new HP turbine blade c¢nuld achieve the design objective of a 10,000 hour
service life, Their paper covered the program's objectives, the definition of the
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endurance cycles and the automation used in running the cyclic tests, Discussion
included comments on the modifications incorporated to ensure that testing represented
the service environment. They also presented the results of the program which
demonstrated that the design objective would be achieved in airline service.

The experiences related in reference 15 and the program modifications made to keep
the program moving properly toward its goal were most enlightening and should provide
useful input into the testers' handbook of lessons learned. As reported by Ponsford
and Waddington “"Following the successful demonstration of the cast directionally
solidified HP turbine blade in the intensive cyclic endurance program, cyclic testing
is now used to test all major developments of the RB211."

The U.S. Air Force and the U.S5. gas turbine industry have realized that there is a
need, during the early phases of engine development when an engine has components of
advanced design and materials and their intended use is unclear, for a testing
philosophy and program that will cost effectively assess the "design ability" of
advanced components. Hill, in reference 4, reported on this relatively new philosophy
termed Life Assessment Technology (LAT). His paper gave what he called "a status
report on the results of current rig and component testing being conducted under the
Life Assessment Testing approach to turbine engine durability validation. The focus
of the paper is the combination of using material of reduced life capability and
creating conditions of higher stress to produce short-time failure for cost effective
validation of the tools and rules of life prediction, The three components discussed
ware combustors, compressor disks and turbine blades."”

Using Figure 6, Hill described the three basic approaches to testing components
for durability~-"whole" life, "potential” life and "reduced" life, 1In "whole" life,
one tests the component under actual spectrum loads until it fails, he said. This
produces a one-to-one mapping of the test data on actual life expectancy. The "whole"
life approach is the best data, but it also may require most expense and time,

The "potential" life approach involves testing the component to real-time spectrum
loads but for only a percentage of life-~--not until failure. Hill reported that with
this method, it is very difficult to determine what percentage of life should be
exhausted and how much life was demonstrated without a calibrated residual life test,

The "reduced" life test approach involves either manipulating the component
geometry to produce a "short life" specimen or creating an overstress on the component
by changing the environment or both, Hill said, this method gives a cost effective
assessment of the tools and rules of design by allowing the test article to be tested
to a failed state in a short test time. However, he noted, the only difficulty is the
assurance of maintaining the proper failure mode in the manipulation of the component
or the boundary conditions. "“Methods of higher stress inducement may be faster load
rates, use ot artifical stress risers, more severe thermal gradients, higher
temperatures, use of lower strength (characterized) materials and coatings, high
mechanical loading, or combinations of any of these methods,"” Hill said.

"The LAT philosophy uses both the "potential” life and the "reduced" life approach
to supply a baseline durability characterization of a component's design. The actual
testing under LAT can be the testing of a component on either a bench, rig, core or
full engine or a combination of these methods. The key to LAT testing is the creation
and control of the test by using loads and temperature (stress/strain) rather than
mission usaje (throttle motion), This requires the LAT tests to be fully instrumented
to quantify the component's boundary conditions such that "valid" data is obtained for
use in correlation of the tools/modes of design."

Hill concluded that "through the component testing described in his paper and
other test offorts, it has been determined that the Life Assessment Testing philosophy
vffers a signiticant cost effective means of using component testing to validate or
create life prediction models and methods.,”

In reference 3, Taylor notes that the engine development requirements today are
generally based on the requirements of MIL-E-5007D, but have been augmented by the AMT
concept and the soon to he released Fngine Structural Integrity Program (ENSIP).

Thess requirements will he incorporated into one new Mil-Prime Specification.

In his presentation (no paper published) C.D, Clayton, General Electric Company,
- tllustrated how engine cyclic testing and the ENSIP philosophy integrate in the
validation of angine life prediction., Figure 7 (reference 16) illustrates the
progression tnrough the ENSIP.  The engine test program can be considered as three
phases: 1) the Operability Engine Testing phase that will evaluate the sea level and
altitude perfarmance and engine control; 2) the Endurance Test AMT Cycle engine phase
where ongines are run to the specification requirement AMT cycles; 3) the Parameter
Measurement Engine testing where temperature/pressure/speed/vibration, aeromechanical,
ind other imposed loads are measured,
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The ENSIP method provides a structured program for total engine development and it
includes a durability and damage tolerance assessment, a durability and damage
tolerance control plan, and a structural maintenance plan. It is also of significance
to note both AMT and ENSIP are now part of all U.S. Air Force initial engine
development programs and are required to be carried forward through the life of the
engine program in order to accommodate field usage changes, multiple system
applications, engine upgrades, etc. The total process will hopefully produce more
durable, reliable engines with much better defined support requirements.

The initial phases of the ENSIP are being applied to the production verification
procedures of the GE F101-GE-102 and F110-GE-100 turbofan engines for the USAF,.
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ACCELERATED MISSION TESTING (AMT)

AN ENGINE TEST CONDUCTED IN A GROUND TEST FACILITY

IN WHICH THE TEST PROFILE BEARS A DIRECT RELATION-

SHIP TO MISSION USAGE. THE PROFILE ACCOUNTS FOR

ALL SICGNIFICANT THROTTLE EXCURSIONS AND TIME AT

HICH POWER THAT WOULD TYPICALLY BE SEEN IN A

COMPCSITE OPERATIONAL MISSION.
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DAMAGE TOLERANCE DESIGN CONCEPTS
FOR MILITARY ENGINES

T. T. King, ASD/EN, W. D, Cowie, ASD/YZEE and W. H. Reimann, AFWL/MLLN
Wright-Patterson Air Force Base, Ohio 45433 USA

SUMMARY

This paper summarizes the damage tolerance requirements that are applied to Air Force
engine development programs. These requirements are an integral part of the Engine Struc-
tural Integrity Program (ENSIP) contained in MIL-STD-1783 (USAF) dated 30 November 1984.
Application of damage tolerance requirements to existing inventory engines (F100 and TF34)
and to the development programs (FI00-PW-220, FI0i-GE-102, FI110-GE-100 and F109-GA~100)
have resulted in implementation of enhanced nondestructive evaluation methods (i.e., eddy
current) at manufacturing and at field/depot. Experience has shown that these inspections
have been successful in detecting early cracking and accelerating corrective actions. It
has been highlighted that several development efforts in the last five years have identified
FPI process improvements that must be implemented within industry and Air Force depots to
improve flaw detection reliability. The need to quantify detection reliability for imbedded
defects is also identified.

The engine development process has been evolutionary in terms of application of up-
graded requirements. The new process is contained in ENSIP, Recent experience clearly
demonstrates that the damage tolerance requirement is cost effective when assessed on a life
cycle basis.

INTRODUCTION

Surely, one of man's greatest achievements in machine design is the aircraft turbine
engine. Further, designing one of these machines to produce the highest performance the
state-of-the-art will allow, while simultaneously exhibiting the characteristics of dura-
bility, reliability, and light weight is indeed a formidable challenge.

In order to meet this challenge, lessons learned from previous turbine engine develop-
ment programs have been incorporated and utilized. Steps have been taken to understand and
identify the numerous and complex failure modes early in the development process. A dis-
ciplined apprcach to turbine engine structural development refliecting these lessons learned
is now being utilized to assist in achieving the durability goals desired in military turbine
engines. This program is referred to as the Engine Structural Integrity Program (ENSIP) and
is contained in MIL-STD-1783 (USAF) dated 30 November 1984. This paper will discuss the use
of damage tolerance design concepts which is an important and intrinsic part of ENSIP.

OVERVIEW OF ENSIP

In the past fifteen years, a large number of structural problems have occurred in Air
Force turbine engines. Many of these were safety problems causing loss of aircraft and an
even ¢reater number affect durability, causing a high level of maintenance and modification
costs. all of these problems have adversely affected fleet readiness. The Engine Structrual
iatexgrity Program (ENSIP) was developed based on the specific lessons learned (Figure 1) and
was iatended to substantially reduce these problems. ENSIP was recommended by the Scientific
“dvisory Board and established by the Air Force to provide an organized and disciplined
tpproach to the structural design, analysis, development, production and life management of

cas tarhite enclnes with the goal of assuring engine structural safety, increased service
sd.0ess a4 reduced life cycle costs.

s oshow' .o Fieure 2, there are five major tasks associated with ENSIP; namely,

Sres e ctarmation tasx, design analysis, component and material characterization task,
¥ ! 44 cere engine testing task, ground and flight engine testing task, and produc-
3 -.tv wootrol and llfe management task. Egqch major task is subdivided into a number
1S9 y~es whiiot paitde the develoupment process.,
R DORAL YA INTENANCE PLAN
Sttt raa. taritendunce plan represents the output of the engine ENSIP
KR SRR S g weo it oadestity and define the individual part life limits, the necessary
ape ot Petocds ror v part as well as the inspection procedure. Repair options and
Lamals 1.~ Preose ted
Ehsle - o

LTttt - tta. oed oo BNsIP by requiring damage tolerance structure that
Is capdnir ot D *oaws o duced either in manufacturing or in service.

Jurab : oo 4. v Us teginire the economic life of the engine to exceed the
spe\:txvd—1v‘ . . . o - anrcratt whea flown to the design usage spectra.

Ml U o ' et ot that old parts fit and function with new parts,
repdir L. ot o peotavility and structrual diagnostics be designed into
Choe v v e 0 , R “ateriais und Process Characterization Plan shall con-
trol o ate s o FE : Lo oy A development poiats. Environmental Definition
re.r oo [ 1o, steady state stress, status spectra, and

v R Groaad Test Policy is utilized to assure com-
R . . tnteinability requirements. A Usape and Tracking

' ) ey life manaperent program.
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FATIGUE/DAMAGE TOLERANCE TRENDS

The conventional fatigue design approach is shown in Figure 3. Components are
designed so that the Low Cycle Fatigue (LCF) limit exceeds the required usage interval in
terms of engine flight hours or cycles. The LCF limit is based on the lower bound (-3¢g~or
1/1000) of the distribution of crack initiation times. The lower bound limit has been chosen
to prevent occurrence of cracking and resultant failure and the need for repair (economics).
The main concern with the conventional approach is that no recognition or provision exists
regarding the impact initial defects can have on total component life (i.e.,, component failure
can and has occurred prior to reaching the LCF limit). Implementation of the safe life philo-
sophy requires that all like components be removed from service upon expiration of the safe
life. Since there is wide scatter in materials data for fatigue, the analysis is usually
based on -3 sigma material properties which implies that all components are treated like
the worst case component in the population.

It can further be noted that the fatigue design philosophy is strongly based on the
premise that the material is free of initial defects. This philosophy makes no allowance
for material, manufacturing, producibility, and handling anomalies or defects. In MIL-STD-
1783, the damage tolerance requirement has been incorporated to prevent safety or flight
structural failures caused by material defects, manufacturing defects or fatigue induced cracks.
There have been numerous engine failures in the past where initial defects grew in size due
to the use of high strength, low fracture toughness material and improper detail design resulting
in high stress levels and structural discontinuities, and lack of adequate quality control.

The primary need for damage tolerance requirements has occurred due to the ever present
drive to minimize engine weight through development of materials with increased strength and
resistance to crack initiation. An undesirable but attendant feature of these new materials
has been a decrease resistance to crack propagation ([Fijsure 4 and 5). As a result of these
treads. the FlO9 and TF34 engine durability and danage tolerance assessments were performed.

Results of these analysis are shown in Figure 6.

ENSIP DAMAGE TOLERANCE REQUIREMENTS

General. Damage tolerance is defined as the ability of the engine to resist failure
due to the presence of flaws, cracks or other damage for a specified period of usage. The
damage tolerance approach to life management of cycle limited engine components is shown in
Figure 7. Components are designed so that the safety limit exceed 2X the required inspec-
tion interval. The safety limit or residual life is the time for assumed initial flaws to
grow and cause failure. Since the requirement is to inspect at one-half the safety limit,
the design goal for the safety limit is 2X the required design life (i.e., no inspections).
The minimum design requirement for the safety limit is 2X the planned depot visit interval,
The basis and assumptions for initial flaws are covered elsewhere in this paper. An impor-
tant aspect of the damage tolerance requirement is that it applies only to fracture critical
parts which is also discussed elsewhere in this paper.

It is required that the '"cost"” as a function of the "requirement" be defined via trade
studies since the magnitude of the safety limit impacts overall engine configuration varia-
bles such as weight, costs, material selection, inspection methods and detail design. Trade
study results are used *to set the damage tolerance requirement and associated variables.

Fracture Critical Components. Fracture critical components are defined as those com=-
ponents whose failure will result in probable loss of the aircraft as a result of noncon-
tainment or, for single engine aircraft, power loss preventing sustained flight due to direct
part failure or by causing other progressive part failures., Damage tolerance requirements
are applied only to fracture critical components and not, in general, to durability critical
components. As can be expected, component classification is affected by aircraft engine con-
figuration, i.e., single engine or multi-engine. Component classification can, in some
instances, be rather subjective and historical records and experience gained during develop-
ment tests should be used to aid in classification. Component classification is established
early and is identified in the contract.

Initial Flaw Size. Initial flaws are assumed to exist in fracture critical components.
Experience has shown that premature cracking (i.e., crack initiation prior to the LCF limit)
occurs at high stressed areas and initial conditions have included both material and manu-
facturing related quality variations (i.e., voids, inclusions, machining marks, scratches,
sharp cracks, etc.). The damage tolerance requirement uses a sharp crack initial flaw assum-
ption to characterize these abnormal initial conditions. Assumed initial imbedded flaw
sizes are based on the intrinsic material defect distribution or the Nondestructive Fvalua-
tion (NDF) methods to be used during manufacture. An inspection reliability of 90 percent
Probability of Detection (POD) at the lower bound 95 percent Confidence Level (CL) 1is
required for the assumed initial flaw sizes.

The assumed initial flaw size to account for intrinsic material defect distribution
should encompass 99.9 percent of the defect population if a scatter factor of two is used
to establish the inspection interval or 99.99 percent if a scatter factor of one is used.

An initial flaw size not less than 0.030 inch length (surface) or 0.015 inch by 0.015
inch length (corners) for nonconcentrated stress areas (bores, webs, etc.) is required.
Initial flaw sizes for other surface locations (holes, fillets, scallops, etc.) will be con-
sistent with the demonstrated capability (90Z PCD/95%7 CL) of the inspection systems pro-
posed for use. It is recommend that initial design and sizing of components be based on
0.030 inch length surface flaws or 0.015 inch by 0.015 inch corner crac:s. The basis for
this recommendation is two-fold: (1) To establish an intial flaw size tlat can be screened
by use of Fluorescent Penetrant Inspection (FPI) as the standard NDF method and (2) To pro-
vide capability for application of upgraded NDF methods at a few locations when required.

These flaw sizes ar intended to represent the maximum size damage that can be present
in a critical location after manufacture and/or inspection. The basis for these flaw sizes
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is the data on detection capability of the various NDE methods. These data are included and
discussed elsewhere in this paper.

The assumed initial flaw sizes for use in design are summarized in Figure §.

Residual Strength., Residual strength is defined as the load carrying capability of a
component at any time during service exposure period considering the presence of damage and
accounting for the growth of damage as a function of exposure time. The requirement is to
provide limit load residual strength capability throughout the service life of the component.
Expressed in another way, the minimum residual strength for each component (and location) must
be equal to the maximum stress that occurs within the applicable stress spectra based on the
design duty cycle. Normal or expected overspeed due to control system tolerance and engine
deterioration is included in the residual strength requirement but fail safe conditions such
as burst margin are excluded. A pictorial presentation of the residual stren th requirement
is shown in Figure 9.

Inspection Intervals, It is highly desirable to have no damage tolerance inspections
required during the design lifetime of the engine. This inservice non-inspectable classifica-
tion requires that components be designed such that the residual life or safety limit be
twice the design life. Designing components as inservice non-inspectable is a requirement for
those components or locations which cannot be inspected during the depot maintenance cycle
(i.e., imbedded defect considerations and other non-inspectable areas).

[t is recognized though that the weight penalty incurred to achieve a safety limit/
residual life/damage growth interval twice the design life may be prohibitive on some c.mpo-
nents/locations. Therefore, inservice inspections will be allowed on some components sub-
ject to justification. The basis for the justification is characterization of the costs
as a function of the requirements as established by trade studies. Cost is usually in
terms of weight or Life Cycle Cost (LCC) and the requirement in terms of safety limit/
residual life/damage growth interval.

The depot or base level inspection interval for damage tolerance considerations should be
compatible with the overall engine maintenance plan., Once again, it is highly desirable
that the inspection interval beequal to the hot part design service life as this is the
expected minimum depot or maintenance interval for the engine or module, I% is required
that the damage tolerance inspection interval be contained in the contract specification.

Flaw Growth. Flaw growth interval, safety limit and residual life are used inter-
changeably in this paper. It is required that the assumed initial flaw sizes will not
grow to critical size and cause failure of a component due to the application of the
required residual strength load in 2 times (2X) the inspection inerval. The flaw growth
interval is set equal to 2X the inspection interval to provide margin for the variability
that exists in the total process (i.e., inspection reliability, material properties, usage,
stress predictions, etc.), Factors other than 2 should be used when individual assess-
ments of the variables that affect crack growth can be made (e.g., to account for observed
scatter in crack growth during testing).

It is very important that the effects of vibratory stress on unstable crack growth be
accounted for in establishing the safety limit. Experience shows that the threshold
crack size can be significantly less than the critical crack size associated with the
material fracture toughness depending on the material, major stress cycle and the vibra-
tory stress. Indeed, as shown by Figure 10, the conventional Goodman Diagram may not
disclose the true sensitivity of initial defects to vibratory stresses. The threshold
crack size must be established at each individual sustained power condition (idle, cruise,
intermediate) using the appropriate values of steady stress and vibratory stress. The
smallest threshold crack size will be used as a limiting value in calculation the safety
limit if it is less than the critical crack size associated with the material fracture
toughness.

The damage tolvrance requirement allows rational assessment/accounting of the
variables which can affect the safety limit and calculation thereof subject to verifi-
cation by test, Examples include effects of surface enhancements such as cold expanded
holes, shot peening ¢nd proof test. Also, countinuing damage 1s assumed at critical loca-
tions where the initial damage assumptions does not result in failure of the component
(e.g., the case of a free surface at a bolthole).

VERIFICATION.

Verification that damage tolerance criteria is met is assured via develcpment and
implementation of a damage tolerance control plan, by analysis and test, and by imple-
mentation of reliable inspection methods during manufacture and field/depot maintenance.

A damage tolerance control plan is prepared that identifies and schedules each of
the tasks and interfaces 1a the functional areas of design, materials selection, tost,
mdaufacturine control and inspection. Specific tasks that are addressed 1n control
plan are shown ia Filaure 11.

Most of the tasks to be vontained in the damage toierance control plan have been

dccomplished by enyine manufacturers in past development aad production proerams. How-

cever, the ddndpe tolerdance requirement now established by the Alr Force iuposes the

weed for new tasks as well as tighter controls and more invoelvesent betwoeen the fane-~

tional areas. Expericnce indicates that the development and implementation of a danape

tolerance vontrol plan is very difficult but experience also shows very stronely that

developrment of a plan results ia an improved understandine of what =must be done.  The

itnportance of haviny a plan rests oa the involvement of multiple tunctional areas and I

the criticality ot havine assiuvned responsibilities for vach task. R
\ particularly importast part ot the damape tolerance control plar is the require- SR 1

¢nt tor early trade studies tor design concepts/material/weiosht/pertormance/cost., et
trade studies are critical to defining cost versus regquirerent ve.y., weleht lupact o ‘ .

Versas lnEpection intervall. R

s _and Test Requirement. Schewatics for damase tolerange are shown in Fligures Y
Particular cmphasis 15 placed oo establishing correlatior between analvtical - ’
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predictions and test measurements for growth of cracks in critical areas. Refined

, analysis models that predict the stress state at and away from the surface as well as

: multiple cyclic tests of coupons, subcomponents and full scale components in the pre=-

sence of initial damage are required. As with the overall ENSIP development philosophy,

damage tolerance analysis and tests are conducted early with minimum impact. Test require-
ments included speciment tests to define basic materials fracture data (i.e., Kic, Kc,

Kigscc, da/dn), subcomponent tests to evaluate crack growth at typical critical features

(i.e., boltholes, fillet radii, snaps, etc.), spin pit test of full scale components

(e.g., disks, spacers, etc.) and engine test of pre-flawed components. Typical test con-

figurations and imperical data are shown in Figures 14 - 17. Verification requirements

also include engine test with components that are pre-flawed or cracked in critical loca-
tions to determine the effects of the "real" environment (temperature and gradient,
vibration, etc.). Such tests must be closely controlled and monitored using the inspec-

, tion requirements planned for service engines to assure safety of the test engine.

. Non-Destructive Evaluation (NDE) requirements are implemented on fracture critical
parts during manufacture and during field/depot inspection to protect safety. Specific
inspection requirements are derived via design analysis tradeoffs between initial flaw
size assumption, stress level, and material properties for a given usage (stress environ-
ment spectrum). As discussed in the section on initial flaw size, a flaw size assumption
less than 0.030 inch surface length requires implementation of enhanced NDE (i.e., eddy
current). The ability of eddy current to reliably detect surface flaws down to 0.005
inch depth has been demonstrated in several applications. Primary emphasis on use of
eddy current is for stress concentration areas where a small flaw size assumption is
required to achieve the required residual life without excessive weight penalty. Typical
probability of detection data for eddy current is shown in Figure 18, A summary of eddy
current inspection requirements for Air Force engines is shown in Figure 19.

In general, Fluorescent Penetrant inspection (FPI) is specified for areas requiring
0.030 inch surface length or larger to achieve the required residual life. The ability
of current FPI processes in common use today to reliably detect .030 inch flaws is not
clear. Therefore, in some instances, eddy current may be specified for large areas if
susceptibility data indicates the need. Data generated on numerous demonstration pro-
grams clearly indicates that the FPI process can be significantly improved over that in
gneneral use today via implementation of upgraded training, equipment and procedures
(proper cleaning including etch, hydrophilic emulsifier and wet developer). These demon-
stration programs have been conducted on several Air Force/Industry engine development
programs (F100, F101, F110) and laboratory technology programs (Air Force Wright Aero-
nautical Laboratories). Some typical detection improvements that have been demonstrated
for upgraded FPI processes is shown in Figure 20. The critical need is to implement
the best FPI process within industry and within the Air Force logistics centers since
FPI will remain to be the most widely used method to inspect large areas for crack like
damage.

Another critical NDE need is to quantify the POD of ultrasonics to detect imbedded
defects in bulk voi.umes and to develop inspection methods for finished shapes. Very
limited data indicates that reliable detection limits may be as large as 2000 square mils
(i.e., approximately equal to a planar disc of 3/64 inch diameter). The goal is to
develop and implement ultrasonic inspection methods such that a residual life equal
to 2X the required life or inspection interval can be achieved assuming the largest
undetectable flaw size without excessive impact on weight,

Retirement-for-Cause, Traditionally, components whose dominant failure mode 1is
Low Cycle Fatigue (LCF) have been designed to a "crack initiation" criterion. Using
this approach, only one component in a population of 1000 would have actually initiated
a crack and the remaining 999 components would be discarded with substantial undefined
useful life to crack initiation remaining. Figure 21 shows that the difference between
the number of cycles to reach the "design allowable" curve and the population "average"
curve for an "average'" component would have consumed only 10%Z or less of its potential
useful life-to-crack initiation. Under the initiation criterion, there is no way to
utilize this potential life without accepting a higher probability or failure of the
remaining components.

Under the Retirement-for~Cause (RFC), this additional useful life can be utilized
by adopting a rejection criterion that uses each component in a population until it
specifically initiates a crack rather than rejecting the entire population on the
behavior of the statistical minimum. The development of fracture mechanics concepts
over the last several years has permitted the degree of predictability for crack propa-
pation rates necessary to implement such an approach on a safe basis.

The RFC concept would use the damage tolerance approach (shown in Figure 7) to
life management. 1In using RFC as an operating system, all components would be inspected
first at the end ot a safety limit period divided by an appropriate safety margin and
only those compunents containing detectable cracks equal to or greater than Al would
be retired or repaired. All others would be returned for additional service (with the
assunption that if a flaw existed it would be smaller than A ) or another inspection
interval. [4 this way, the crack propagation residual life 1s continually reset to
a safe value. By following this approach, components are only rejected for cause (cracks)
and edch component is allowed to operate fcr its own specific crack initiation life. It
should be noted that if a crack is missed at the first inspection interval, another
chance should exist to find a larger crack.

[t is clear that not all fatigue-limited components may be handled in this way, and
that each compounent must be evaluated individually to determine the economic feasibility
of RFC. The inspection interval must be such that it does not place undue constraints
on the operation of the component «r ti,f (i (ost of tie nevessary "tear=down' ana
Looape ot dee s S gt U advasta e the Tile exbension satned., It seecoos nadjkoely
Cal s voo b appiivd T oo peats blcitesd by hiegh ovele tatisne considera-
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tions, but for many high cost components limited by LCF, such as engine disks, this
approach does offer significant economic advantages.

It is also clear that in applying RFC, Non-Destructive Evaluation (NDE) becomes
acritical factor. The crack length determines the residual life of the component and its
detection is limited by the resolution and reliability of the inspection system employed.
In many cases, the decision as to whether or not RFC can be applied to a component will
be predicated upon the ability of available NDE approaches to detect initial flaw A; with
sufficient sensitivity and reliability. Because RFC procedure is based on damage
tolerance concepts, the NDE techniques can be selected, refined, and focused on a parti-
cular local area than attempting to critically inspect large areas.

In 1986, the United States Air Force will implement RFC on the F100 engine which
powers both the F-15 and F-16 fleets. Figure22 shows the anticipated cost savings for
the remaining life of these weapon systems.

CONCLUSIONS

Damage tolerance requirements are major tools in the Engine Structural Integrity
Program to increase safety, readiness, and reduce life cycle costs., Non-destructive
Inspection methods are making rapid advances, particularly eddy current techniques for
focused inspections. Development efforts have identified process improvements that can
be implemented to improve FPI flaw detection reliability for large area inspections.
Damage tolerance design permits the use of Retirement-for-Cause (RFC) maintenance philo-
sophy on costly engine components which will reduce overhaul costs.
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- ABSTRACT:

Numerous parameters affect the application of damage tolerance concepts to engine components. These
. parameters are reviewed in the paper in relation to overall integration of each parameter into the damage
. tolerance design methodology. Parameters such as initial crack size, "defect" level associated with the

. material and process, and model of the initial crack will be discussed as related to non-destructive

inspection and modelling the discontinuity within a framework such as generalized fracture mechanics.
. Subsequent to characterization of the initial discontinuity or heterogeneity (d,h), or the likelihood of
- forming one in the service cycle, 1t 1s necessary to evaluate the potential for growth of a (d,h).
o Factors that affect the growth of a discontinuity in engines are: material, manufacturing route, stress

magnitude, stress state, (uniaxial, biaxial, triaxial), residual stress, temperature, loading waveform,
frequency of loading, loading spectrum, chemical environment. Furthermore, material properties of
. importance are thresholds of growth, fatigue crack growth behavior, and toughness. Numerous synergisms
. such as 'creep-fatigue", '"corrosion-fatigue", and fretting fatigue occur and must be considered.
Evaluation of these parameters will be discussed, gaps identified and, an overall plan to integrate these
into a safety critical component design methodology presented.
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INTRODUCTION:

l"'
Ve

In 1920 Alan Griffith (1) published a paper that has become the basis for the modern theory of
fracture mechanics. It is sald by many who knew Dr. Griffith well that the theory was developed to help
improve safety and durability of reciprocating engines that, allegedly, were failing at an alarming rate
- during and after, World War I. This theory also is the basis for this conference in a sense along with
- another of Dr. Griffith's contributions. Both Sir Frank Whittle (2) and Hayne Constant (3), among others
. review that Dr. Griffith wrote his theory of turbine design treatise in 1926, six years after his
significant contribution to the physics of Materials Behavior (1). Griffith's contributions to gas
turbine development until his death are well known. Here we are, forty five years after the former to
review applications of damage tolerance concepts to gas turbine engines.

The "early pioneers" of gas turbine engines, such as Dr. Griffith, Mr. Whittle, Dr. Meyer

(Brown-Baveri), Mr. Constant, Dr. Von Ohain, all were concerned with the early failures of discs, blades,

) shafts, bearings and other parts. As with most design innovations and evolution they (and their
- respective teams) were more concerned with getting the turbines to work - see TFigure 1(4). This is
always our first concern in design of a new system. In the case of gas turbines design modifications

were introduced to deal with premature failures as they were encountered. As with almost all designs we

‘; find, subsequent to getting the system to work, that our assumptions, simplifications, oversights,
naivete; all help to get us in serious difficulty. The right side of Figure 1 tells us that in design we
- then get into questions related to safety, reliability, durability, and integrity - the subject of this

specialist meeting.

o Before 1 begin the technical discourse 1 wish to express my thanks to the organizers of the
':,‘ conference and to the Structures and Materials Panel and Propulsion Panel of AGARD for asking me to give
o’ this lecture. As many of you know this subject is near to my spirit and heart and 1 am thus deeply

honored and wish to formally say thanks. Inasmuch as I view my task as philosophical the paper presents
concepts, discusses integration and synthesis of these concepts into a structural integrity (SI design
B system, and discusses needs for rather intensive research on the parameters involved to improve engine
e design for structural integrity. Other papers in this conference will present more specific details, in
some cases with data, that complement this overview. Hopefully by the end of this brief two days
everyone will have a clearer picture of how to deal with structural integrity, ENSIP and the right side
- of Figure 1.




THE FRAMEWORK OF STRUCTURAL INTEGRITY:

Figure 2(5) 1illustrates the important stages of structural integrity planning. Specifications
written to precise technical requirements become the basis to implement SI technology and quality levels
for control are established as early as feasible. At the beginning stages of SI planning, consideration
is given to all of the following facturs/parameters:

1) Stress, strain, loads, and temperature analysis,
2) Material selection,

3) Manufacturing processes,

4) Inspectability of component(s),

5) Maintainability,

6) Non-destructive inspection,

7) Material deformation and "failure" mechanisms,
8) Failure criteria,

9) Cracked component (fracture mechanics) analysis,
10) Fatigue design policy,

11) Wear design policy,

12) Creep design policy,

13) Corrosion design policy.

It is the job of teams of people, working through a well coordinated system, that all of these
parameters/factors are considered in assuring damage tolerance through a structural integrity program
such as ENSIP.

Inasmuch as this paper deals with parameters that input to damage tolerance it would be prudent to
define these terms so all of us are using the same definition. A parameter is defined as:

1) An arbitrary constant whose value characterizes a number of a system;
a quantity that describes a statistical population.

2) Any of a set of physical properties whose values determine the characteristics or
behavior of something.

3) A characteristic element or factor.

In this paper definition 3 and/or 2 are considered. DAMAGE, means loss due to injury or harm, is rather
nebulous and thus it will have to be defined more precisely. 1In relation to structural integrity it has
become clear that damage should be trackable; i.e. at any time some physical measurements could be taken
such that it could be determined whether "DAMAGE" has in fact occurred. Furthermore, in combination with
the measurement(s) various analyses could be conducted to assess the likelihood of an undesirable event
(such as fracture) occurring. This is depicted conceptually in Figure 3. It should be pointed out that
damage (e.g. cracks) in many metals takes on the nature of highly discontinuous (tortuous) crack growth
if they are preferentially oriented/anisotropic. Many gas turbine materials; particularly blades and
single crystals, disc alloys, and welds present many problems related to "DAMAGE" analysis. 1In SI
planning it is essential that we have both correlative and predictive tools. These should always be used
in conjunction with each other and the industry accumulated experience. It is important to keep this in
mind since we don't know everything to be as predictive as we would like.

Many of the elements that input to Damage Tolerant Design are shown in Figure 4(5). It is obvious
that 1 cannot go into every one of the items shown in the figure. Rather, in this paper I will relate to
the concepts involved in evaluating each of the elements shown. The need for a systematic approach
cannot be overemphasized at this point. As with all component designs the process begins by considering
all four of the following:

1) Material Behavior and Processing,

2) Force/Load/Deflection/Temperature determination that inputs to stress, strain, and/or
stress intensity analysis,

3) Failure criteria, where the failure criteria are defined explicitly,

4) Inspection and monitoring to establish the state of the material/component/system.

In stress analysis, and the concomitant materials characterization to lead to configurational design,
most components are analyzed initially as if they were crack-free, homogeneous, and continuous. This is
mathematically convenient although often not correct. As 1s well known this very assumption of the
mathematical theory of elasticity has provided extreme resistance to Griffith's concept (1), ENSIP and
damage tolerant philosophies in general. The safe-life concept of design, and particularly tatigue
design of gas turbine components, evolved to support this perspective. However, from a sampling of
reality, as well as Griffith's theory and reasonable grounding in materials and their methods of
manufacture/assembly it is clear that one of the major hypotheses of the Griffith theory (1), 1.e. that
all materials contain inherent discontinuities (d) and heterogeneities (h) and at times they can be
crack-like (cld, clh), is true. Then, using modifications and extensions of Criffith's concepts (modern
"Fracture Mechanics") it is possible to conduct cracked-body analysis. Since a crack iz one form of
damage manifestation another world of analysis becomes possible and this is one of the important aspects
of damage tolerant based design.

The left column on Figure 4 shows methods by which a (cld) can be formed, given one (or more) are
not present initially, On the other hand, if one is there initially then only the later three columns on
Figure 4 are necessary. Nonetheless, the SIP must permit all of the elements shown to be dealt with in
some mantier as part of the damage tolerance evaluation. Inasmuch as all of the items shown in Figure
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4 provide a rather broad design challenge I am going to tone it down a bit for this paper. Since fatigue
is a large enough subject, I am going to use 1t as the process to unfold the concepts and discussion. In
the last part of the paper T will return to synergisms between cyclic loading and some of the other
processes. It will also become clearer why fatigue was picked for other reasons as well.

FATIGUE DESIGN POLICY:

Although economic/time, functional, and aesthetic constraints frequently provide the 1limit for
fatigue design of gas turbines (as well as most other components) those of us who are idealists would
like to think that some sort of Fatigue Design Policy would guide the fatigue design process. An example
of this is shown in Figure 5. The first dilemma we are confronted with is the concept of safe-life
fatigue design or damage tolerant fatigue design. (A recent U.S.F.A.A. workshop on fatigue design of
engine discs reviewed this aspect (6)).

At one of the precursors to this meeting two papers were presented that discussed some aspects of
this dilemma (7,8). Furthermore, reference 5,6 and 9 discuss other aspects of this dilemma. Basically
the dilemma has traditionally revolved around whether to assume crack-free material or cracked material.
This aspect also has bveen described by Alexander (10), and Jeal (11), as well as others, related to gas
turbine components.

The philosophies, as applied to aircraft fatigue design particularly, are summarized as follows:

STRUCTURAL FATIGUE DESIGN PHILOSOPHIES

SAFE-LIFE DESIGN: Require analysis or testing to show that the probability
of any failure 1s "Extremely remote" for the assumed life

of the structure; finite life or "Infinite" life; no cracks. S ‘..l
DAMACE TOLERANT T
(including FAIL- o R
SAFE) DESIGN: Require a damaged structure to continue satisfactory per- LT T

formance until "Damage" is discovered and remedial action complete.
. Critical Components (Areas on Components), L‘ '.‘_Q
Multiple Load Paths (Redundancy), :

[

e

. Crack Stoppers,

D)
A

Proof Testing,

. Crack Growth Prediction Techniques,

(W)

&

. Inspection (Types).

A a2 Ak

The details of the safe-life concept are summarized in (12). Damage tolerance considers all the elements
of Figure 4 including the left column, which, as indicated earlier deals with the detafls of damage
formation and damage propagation (for the remainder of the discussion the aspects of crack formation and
crack propagation will be emphasized). Conceptually this is presented in "simple" form in Figure 6.
This figure forms the basis of much of the following discussion and thus should be thoroughly scrutinized
and comprehended before proceeding.
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DAMAGE TOLERANT DESIGN:

At the AGARD propulsion panel meeting last year A. Mom provided an overview of AGARD SMP activities
and, in a sense, compared safe-life and the damage tolerant approach (13). His presentation stimulated a
a great deal of discussion related to the concept of damage tolerance compared to safe-life. Many of the
cld misconceptions came out - as they have in other areas of activity. Similar discussions took place
when ASTP was developed, as pointed out recently by U'. Coranson (14) and T. Swift (15,16).

When damage tolerance considerations are made it is by far easiest to consider, either by knowledge
or assumption, that a crack-like discontinuity already exists. Then, we need to only deal with the three
right columns of Figure 4. Fven dealing with these 1s a large challenge however, because we nced to know
all of the following parameters to accurately conduct the damage tolerant design:

A) Failure Criteria - end of life, risk analysis.

B) Crack - size, location in stress field, type, location with respect to inspection,
potential mode of extersion (I,I1,III or other), crack size with respect to
microstructure. Do continuum assumptions apply?

C) Forces/loads/Deflections/Temperatures ~ magnitude, direction, state (uniaxial,
multiaxial), type - monotonic, sustained, cyclic, spectra, waveforms, phasing between
force and temperature cycling (in-or out of phase).

D) Subceritical/Critical Crack Growth Response of Material and component - crack growth
rates for conditions of interest, transfer functions (similitude), toughness
(instability parameter), mechanisms of extension for materials of interest,
predictability from "models". Considerations of environment, waveform, spectra, and
frequency are essential here.

All of these above aspects are part of a general damage tolerart design and are noted within Figures 4,6.
Discussion on each of the above is presented in the following subsections.




A) Failure Criteria:

The failure criterion (s an implicit portion of the fatigue design philosophy and regrettably is not
taken seriously by most engineers/scientists. For example, in fatigue design of gas turbines many
"designers" have considered that they design for "initiation". The 'stages" of fatigue often have been
characterized by two parts as follows:

N =N o+ Np where: )

Nt is to be total life for a given failure criteria,

Ni is the cycles to "initiation", actually this is
cycles to crack detection but has frequently been

mistated by the community,

NP is the "cycles of propagation of cld's.

Even though formulation one is simplistic it does not appear to present a clear picture in relation to
the models needed for predictability. 1In the later 1960's and early 1970's it was decided other ways to
divide the process were required and these divisions could relate to the process of fatigue, the
micromechanics and wacromechanics, the mechanics models to be used for prediction, and our understanding
(or lack thereof). This has recently been reviewed elsewhere (8,12,16,17). The essence of these
divisions 1s contained in Figures 7 and 8. Figure 7 relates to Figure 4. The four divisions of Figure 7
should be self-explanatory. Figure 8 simply indicates that the number of cycles to any time (AN ) is a
parametric relationship with all of the factors listed. This will make our challenge very great as we
try to develop models for "prediction" of life,

If we can always state the failure criteria (fracture, crack detection, crack propagation of some
amount, deflection, etc) it would seem our job will be simplified a great deal. Furthermore, when this
1s done, and if crack detection is a failure criterifnthen it becomes obvious that inspection must be
coupled with any damage tolerance program (this is depicted in Figure 9) and discussed in (5,9,14-16).
1n addition, the paper following this one will undoubtedly cover this aspect 1in great detail. As
indicated by A. Mom (13) the coupling of inspection to fatigue design is required for either damage
tolerant design or safe-life ("initiation" based) designs. In damage tolerant design this requirement is
obvious. Apparently in safe-life design it 1s not so obvious to people. Figure 10 attempts to
illustrate why inspection is important in safe life design. If, as shown in the lower portion of the
figure, the critical crack size (determined by toughness/final fracture criteria/loads) becomes
approximately equal to or smaller than the "first crack" detectability size then fractures occur. Due to
the evolution of gas turbine design philosophy this has been, and currently often 1is, the case (6-8,10).

B) The Crack:

Inasmuch as item B will be discussed extensively by other speakers it will not be covered here. The
entire concept of inspection must be factored into fatigue design in all cases to assure that the
boundary conditions used in any life prediction are met. If one wishes to use one of the four fracture
mechanics formulations shown in Figure 11 then the crack(s) must be characterized as completely as
feasible.

C) Forces/l.oads/Deflections/Temperatures:

The gas turbine design community has expended significant effort on this area for obvious reasons.
In my own view the effort has often been disproportionate to our knowledge of material bvehavior and
items A,B, and D in this discussion. This is not to say this area is unimportant because it is very
important. If we consider for a woment what are the minimal requirements for sustained load and cyclic
loading (fatigue) as depicted in Figures 12 and 13 respectively it is obvious why we must know as much
about these parameters as feasible. While we know a great deal about how to analytically model to
calculate forces, and 1in recent years have become more and more proficient at engine force/load
monitoring, it is another matter to know how to use the loads in life prediction related to item D and
the synthesis into a damage tolerant life prediction methodology. T. Swift (9,15) has discussed the
importance of this field and T. Cruse (6) has emphasized its importance for gas turbines. This aspect
will be addressed further in this conference by G. Asquith in general and A. Mom/L.ten Haave related to
TURBISTAN., The numerous aspects to be considered in relation to the load and its interaction with/on the
material 1is a fascinating - as well as frustrating field (Figure 12 and 13). The aspects of
thermomechanical fatigue, which in a sense results from combining the two figures, will be discussed more
by G. Harrison and T. Fdmonds in this conference. In addition, R. Bill (18,19) has presented the results
of two workshops on thermomechanical fatigue held at NASA-Lewis recently. This aspect must receive a
great deal more attention as we improve our gas turbine designs - with either philosophy.

in damage tolerant design we not only need the loads etc.to design the components but to use them to
establish material/component subcritical crack growth characteristics.

D) Subcritical Crack Growth and uritical Crack Growth of Materials/Components:

With guidance from all of the first three areas this area beccomes essential to successful
implementation of damage tolerance. As with A-C above this area is full of misconceptions and great
challenges - partly because the knowledge of B and C di-tate a great deal of what can and must be done 1in
this area, The procedure for suberitical crack growth using fracture mechanics based methods has been
vutlined on numerous occasions - see for example (5,8,9,12,14-17). As discussed 1in all of these
references the following are necessarv for satistactory provision of the required information:

1) Subcritical erack growth characteristics of material for conditjons of interest,
consider:
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Proper fracture mechanics model, LEFM, EPFM, load spectra
effects including waveform, environmental effects, stress
state effects, temperature (tmf), data analysis, presentation,
and test standards.

2) Understanding of material crack propagation so proper models
can be formulated and used.
3) Boundary conditions.

4) Critical crack growth characteristics.

The above items are summarized in Figures 14,15 and were developed in conjunction with t. Jeal over the
past 13 years. These two figures can be used as a guide and forthcoming papers in the International
Journal of Fatigue will discuss them extensively. However, in the generation of subcritical crack growth
data for use in damage tolerant design it 1s essential that less emphasis be given to the fitting of data
unless it is for very specific conditions. Many people still believe there is a single fitting function
such as the Paris relation that works everywhere - this is not the case (see 9,12,14-17,20,21). Swift(9)
and this writer (16), as well as others, have recommended that actual fatigue crack growth data be
integrated to obtain either inspection intervals or total life for subcritical crack growth.

In order to successfully implement these data in design many items are required that we currently
have little information on. Some of these items are:

1) Boundary between region 2-3 in Figure l4.

2) Mechanics based method to describe crack growth in
region 2 of Figure 14 (see 12, 22-29).

3) Details of formation of cld in region 1 (see 12, 22)
for gas turbine materials.

4) Effects of Spectra. Dwell (see Larsen 21,25,29 and the
TURBISTAN discussion of this conference) effects.

5) Multiaxial effects on crack growth.
6) TMF effects.

All of the above items must be known to the extent feasible for successful implementation of damage
tolerance.

SUMMARY :

The conceptual damage tolerance considerations to be used are shown in Figure 16. The items shown
assume we are in areas of Figure 14 where the appropriate models apply. Thus, it is clear that Figure 16
mainly is concerned with Figure 14 region 3 as long as plasticity effects are not too large to violate
the appropriate assumptions. Regions 1 and 2 of Figures 14/15 obviously require a great deal more
information before we can confidently exploit damage tolerant design to assure life and durability.
Kolf(30) undoubtedly knew this when he wrote "However, durability or life is not readily determined
during development and remains a promise to be designed into the engine to achieve the life requirements
and reasonable cost of ownership". 1In order to fulfill the promise we are going to have to collectively
work very hard on all the items discussed no matter what philosophy we use. However, the Damage Tolerant
Philosophy provides the philosophical basis for a rational design philosophy because it emphasizes
trackable damage. The safe-life concept does not offer this advantage on a philosophical basis.
However, one can always say, in design of gas turbine components as well as others, design will be for
no-cracks and the detection of a defined crack con:titutes failure as explicitly defined. On economic,
as well as safety, grounds this does not appear prudent. The following section presents some
recommendations related to this presentation.

RECOMMENDATIONS :

Throughout the text many of the requirements for information were noted. Some of the major
requirements are presented in this section. It must be emphasized that additional insights are required
on each of the areas cited. To overemphasize certain areas at the expense of others wil]l undoubtedly
create difficulties. It is not clear to me how priorities can realistically be established. This does
give us the advantage (as many generals are quoted as claiming) of attacking on all fronts.

Inspection:

I am sure Mr. Tavlor will address this issue extensively. It is clear from many works, particularly
encouraged by USAF to develop both ASIP and ENSIP, that improvement in inspection at all levels offers
real improvement. While this improves our damage tracking and "quality" assessment capability it does
not, however, solve the problem. It only provides a tool to keep track of things being there or not
there. We must improve our capabilities here but not lose perspective on its importance.

Material Behavior and Process Control:

These are areas that need very much more attention under the context of FNSIP and to improve gas
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turbine design in general (J1). Reglons one and two are very much dominated by our collective knowledge

in the<e areas and it is very inadequate at present. Better understanding of crack formation by fatigue,
<reep, corrosion, ftretting, and "anomalous' behavior is essential to develop physics based models,
improve materials, develop standard evaluation procedures (e.g.TURBISTAN), develop improved methods; and
to know the boundary conditions that relate to application of the models. Improvements in understanding
crack growth when cracks are small with respect to structure are essential (7,8,12,17,22,32) to improve
models for life prediction, materials and processing improvements for {1mproved crack propagation
resistance. Better understanding of crack growth for EPFM or FPFM (elastic-plastic fracture mechanics)
is essential.

The roll of dwell effects must be researched and understood much better in future. Also, stress
state considerations in uncracked and cracked body design are not understood well at this stage.
Finally, the role of thermomechanical aspects must be understood better to improve tmf life estimation.

Coupled to all of the above is the need for a data compilation and collection for gas turbine engine
materials. Also, greater effort must be expended on standard test methods for materials
characterization. Many of these aspects already are underway within AGARD, several companies, and under
the auspices of military agencies. Undoubtedly this meeting will lead to expanded activity and
discussion.

Loads and Temperature Monitoring:

This aspect was discussed at the Propulsion panel meeting in the Netherlands last year as well as
ion previous AGARD activities. There is no doubt that this area has improved in recent years and further
improvements are forthcoming.

Analysis:

The development of computer hardware and software has outstripped our knowledge related to
inspection, materials behavior, rational models, processing effects, data generation techniques and
methods developments. Undoubtedly further progress 1s needed here but greater emphasis is needed to
improve the materials behavior - mechanics interfaces before improved analysis will get us far in
improving damage tolerance capability. It probably need not be said, but emphasis on analysis and model
development when cracks are short with respect to structure or when cracks are propagating in highly
anisotropic elements is essential to progress,

Continued work on systematic integration of all of these parameters is essential but the damage
tolerant design philosophy provides a framework for this to occur. Even so, many of us find this all so
complex at times we try to revert to "no cracks".
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DOES THE COMPONENT/SYSTEM
COMPONENT/SYSTEM LAST?
WORK? HOW SAFE IS IT ANY
TIME IN ITS USE CYCLE?
FUNCTION, DESIGN TO SAFETY,
PERFORMANCE RELIABILITY, DURABILITY,
OESIGN TO] Lnp CRITERIA INTEGRITY CRITERIA
PRODUCIBILITY COMPATIBLE?
vpen Loep Desivn - Modification and Feedback Begins. (4) Copyright D.W. Hoeppner and
John Wilev Interscience.
ELEMENTS OF STRUCTURAL INTEGRITY PLANNING
UPDATE \
MATERIALS INSPECTIONS
AND a SATISFACTORY
PROCESS MAINTENANCE
THEORY TESTING SPECIFICATIONS  REQUIREMENTS
CUSTOMER PRELIMINARY DESIGN N DEMONSTRATED
REQUIREMENTS —™  DESIGN DEVELOPMENT FABRICATION SERVICE |-» STRUCTURAL
INTEGRITY
DESIGN T T REPAIR OR
CRITERIA ANALYSIS QUALITY REPLACE UNSATISFACTORY
CONTROL STRUCTURAL
’ ELEMENTS
PREVIOUS t__~
EXPERIENCE ‘
I REVISE CRITERIA
2. Basic elements ot structaral intewrity planning (3,
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@ FRACTURE
“DAMAGE”
METALS -
CRACK LENGTH
CRITICAL
COMPOSITES DAMAGE
—_— SIZE
BROKEN FIBERS
DELAMINATION
MATRIX CRACKING
COMPOSITE B
INSPECTION
CRACKING THRESHOLD
DEBONDS
VOIDS P INITIAL “DISCONTINUITY”
CYCLES OF LOADING OR TIME
3. "Damage" accumulation with time or cycles. (Keynote lecture by D.W. Hoeppner on

Fatigue of Fiber Reinforced Composites, ASTM Symposium 1979 (San Francisco, CA),
cf. to M. Salkind, cf 1969/70 and cf D.W. Hoeppner 1965).

ELEMENTS OF DAMAGE TOLERANCE EVALUATION

NUCLEATION SUBCRITICAL UNSTABLE
OF CRACK-LIKE CRACK CRACK DAMAGE
DISCONTINUITY (d*) GROWTH PROPAGATION CONTAINMENT
® CREEP ® INHERENT D* ® STRESS INTENSITY e DYNAMIC CRACK
& CORROSION ® CORROSION FATIGUE ® ANALYSIS ARREST
e FATIGUE ® scc ® FRACTURE ¢ RESIDUAL STRENGTH
® WEAR ® FATIGUE ® TOUGHNESS
® FRETTING ® DATA-(COI) ® MEASUREMENTS
® SYNERGYSMS ® STANDARDS
® HYDROGEN L
EMBRITTLEMENT S~
® FABRICATION RESIDUAL FATIGUE LIFE - METHODS DEVELOPMENT
® MATERIAL QUALITY
® IN-SERVICE DAMAGE
® MAINTENANCE DAMAGE

5 B 8

EXAMPLE
D* CRACK-LIKE DISCONTINUITY

MODE | EXTENSION

4. Some of the basic elements for a simple damage tolerance evaluation for a crack forming
at a hole and propagating by Mode I crack propagation onlv.
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FATIGUE DESIGN PoLICY

@ ESTABLISH FATIGUE LIFE GOALS
@ PHILOSOPHY - CRITERIA, METHOD (DESIGN RECIPE)

V "SAFE-LIFE" ®"INFINITE LIFE"
QN0 CRACKS ® SAFE-LIFE, FINITE-LIFE

REPLACEMENT TIMES

FATIGUE
SCATTER, QUALITY, TRANSFER

V7 DAMAGE - TOLERANT
OCRACK GROWTH @ESTABLISH DAMAGE TYPE
@ INITIAL STATE OF QUALITY
L.qummmve INSPECTION
@INSPECTION INTERVALS

@PERFORM MISSION ANALYSIS; ACCUMULATE LOAD-LIFE HISTORY

Analytical and
Experimental
stress analysis

@ TEST MATERIAL - JOINT - STRUCTURAL DETAILS TO SPECIFIC LOAD SPECTRUM
@ESTABLISH FATIGUE QUALITY GOALS AND DESIGN STRESS LIMITS
@SELECT "BEST" MATERIAL FOR APPLICATION

V CORROSION —e= "Thou shalt have no corrosion”
VFRETTING —= "Thou shalt have no fretting"
7 CREEP —"Thou shalt have no creep"

7 FATIGUE " E*m Cracks]

7 TOUGHNESS gRate of Damage Propagation, da/dN -{j.'-“—
Ri . .

esidual Fatigue Life SN
Residual Static Strength LT

7STRESS CORROSION » Kpgc» da/dt Ce .
</ INTERACTIONS or SYNERIISMS R
7 STATIC STRENGTHS
@ PROOF TEST DESIGNS (Components, Structural Systems)
@ESTABLISH INSPECTION, MAINTENANCE, REPAIR PROCEDURES.

5. Fatigue Design Policy (4).
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Fracture
Instability
at ac for

< CRITICAL -
l SIZE, ac

MINIMUM
INSPECTABLE
SIZE 4 aj

given material
toughness

Inherent or service or IN-SERVICE INSPECTION, ay
maintenance-induced
discontinuity, agp

SUBCRITICAL CRACK GROWTH
DURING SERVICE BY:
® Overload- single cycle

® Cyclic Loading (fatigue)

® Sustained Loading (stress
corrosion cracking, hydrogen
embrittlement creep).

Given a discontinuity exists;

(1) Can it grow {propagate) in any way during use or storage?

(2) How fast can it propagate?

(3) If (1) occurs how big will the discontinuity become before yielding or fracture occur?
(4) Given (1), (2), (3), can it be detected prior to fracture?

6. The concept of crack extension (4,5).

AN, = AN + AN + AN, + AN

AN,
AN,

ANg

‘51"('/‘,

AN
‘/p

5

total life - cycles

cycles to nucleate a crack-like discontinuity
(d*) given one is not there initially.

Define d*!

cycles of growth where growth is dependent
on the Structure of the material or the
Structural configuration

cycles of growth - characterizable by
Linear Elastic Fracture Mechanics (LEFM);
continuum regime

cycles of growth - characterizable by

plasticity which is too large to allow LEFM.
Thus, use Elastic Plastic Crack Mechanics
(EPCM) or Fully Plastic Crack Mechanics (FPCM)

Possible divisions of the fatigue crack growth process (4,5 A=-DWH).




Varies with Material T
Environment <<

Know the;

Chemi
Manufacturing emistry

Radiation

Stress State

Geometry

Load Sequence (Spectrum,

frequency)
Material

Inspectability
"Fatigue Quality"

an initial number N, to a final number (N¢) is given by AN(4) which
es shown.

fatigue
Quality

INSPECTION-—PHYSICS

SOLID. -LIFING

CONTINUUM  METHOD
MECHANICS

LIFE GOAL

SAFETY & DURABILITY

.........

.....

.........
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? ?7 ? ?
N_=N + N_+ N
T n S P/o
i - a ;= CRACK SIZE AT DETECTION
? ?7 7 ?
= + + O
a,=a,+ a,+ a,
L GK= CRACK SIZE WHERE FRACTURE MECHANICS e
SIMILITUDE IS APPLICABLE.
Q= CRITICAL CRACK SIZE
10. The cycles to detect (Ng) a given crack (ay) must be related to inspection capability,
toughness, inspectability, and subcritical crack growth rate (da/dt) as well as the
loads, temperatures and residual stresses. If thesc are not integrated, as a damage
tolerance program emphasizes, then ag could become equal to or less than the critical IR R
crack size (a.) as shown in the lower part of the fipure. A

FRACTURE MECHANICS PROVIDES

A CRACK TIP ANALYSIS (A),

A CRACK TIP DISPLACEMENT
ANALYSIS (B), OR

AN ENERGY RATE ANALYSIS (C) B
MATERIAL BEHAVIOR

LINEAR NON-LINEAR o
- K t.(©) L
O, =— U
(A) CRACK TIP STRESS ANALYSIS i Waer
b= x () SIRREN
(B) DISPLACEMENT ANALYSIS oy e
b= (4,0, |, B) R
(C) ENERGY RATE ANALYSIS p =2 e
2.2 ' )
FOUR PARAMETERS ARE AVAILABLE TO b= cOo Tma J=- 2y
CHARACTERIZE THE CRACK TIP STRESS E o]
AND STRAIN FIELDS, viz. K, 0,6, J ME 4 = Kz

11. Some provisions of a fracture mechanics analvsis.




— i e v v g baiie of r 4 oLl A AR anehe i s e 20 SBA it ster atr e Lmes ciu kit BRI At At A ACa Ol At A A Al A i Sl A Sufb Aelougl 4
——— : Aiarc il e N W W TR N W N . Mlial Al TR RET

SUSTAINED LOAD-CREEP

Deformation I
® Mechanical < ' mBa?::fi:al
® Thermal

Sustained
load

Magnitude
Temperature
Environment-Inert *

Stress State
Residual Stress

Product form, thickness
roauc ' ickne
Creep geometry, inspectability ;

* Pure loading effect

12. Basic inputs for Sustained lecad considerations. (Creep for example - similar inputs are
necessary for environmentally assisted sustained load crack; e.g. assisted by stress
corrosion cracking or hydrogen embrittlement. In ceramics this could be "static fatigue').

FATIGUE
Basic material ¢ J Mechanical

=]_deformation SRS
e e

.‘ ) PN ..'.11

A

Response to ) 1 . »
: . Cyclic

cyclic deformation | loading I SR
U Stress state
Stress range
Stress amplitude L
Frequency REU
Sequence of loading 2]
(spectrum) 2
Time/waveform effects ]

Product form, thickness

geometry, inspectability

Fatigue <

13. Basic inputs to Cyclic load considerations (Fatigue).
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Discontinuity
Size

A !\_)-A>

Life —>»

"FIRST" detectable crack
Nucleation phase, "NO CRACK"

“"SMALL CRACK" phase - steps related to
local structure (Anisotropy)

Stress dominated crack growth, LEFM ,EPFM
Crack at length to produce instability

14. Conceptual aspects of discontinuity extension (4,5,6-D.W.H, 8,11).

METHODS FOR EACH LIFE PHASE

“"SMALL CRACK" Stress Dominated Failure

Nucleation Growth Crack Growth (Fracture)
Material failure Crack Prop. Fracture K. etc.
mechanism with threshold mechanics
appropriate related to esimilitude C.0.D.
stress/strain structure eboundary <|E-IE>'I:=:‘A ?
life data (micro) cond. Tensile/
Nucleated Structure Data base ** compessive
discontinuity dominated A at buckling
ot mherent) - crackgrowth  Jppniee,
type,size,location Mechanisms, factor
Presence of rate

. e Initial D*,H*

malignant D°,H 232:; of 8lze,loca'tlon,type
2::2:2‘:3:' dominated Effects of
effects crack growth *R ratlo

e Corrosion Etfects of -Stre_ss state /1t

* Fretting R ratio t sEnvironment (- chem

s Spectrum T
e Creop e Stress state /, chem —waveform
e Mechanical sEnvironmentL T °
damage *Spectrum-waveform

15, Design methods for cach Tife phase =(see Pipure o,6-8) (ibid Figure 14),
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CONCEPTUAL DAMAGE TOLERANCE CONSIDERATIONS

INITIAL

chart (4,5).

SUBCRITICAL FRACTURE
DISCONTINUITY, GROWTH
psc
ASSOCIATED ASSUME ANY DSC BELOW A DSC PROPAGATES AS CRACK CRACK PROPAGATES UNTIL
- CONCEPTUAL GIVEN DETECTION LIMIT IS UNDER CYCLIC AND STATIC CRITICAL LOAD/CRACK SIZE
- STEP PRESENT AT THE CRITICAL LOADING, RATE IS INFLUENCED IS REACHED: FRACTURE
o LOCATION BY ENVIRONMENT x OCCURS
. INFORMATION NDI INSPECTION LIMITS ANTICIPATED SERVICE INFLUENCE OF LOAD
REQUIRED AND/OR PROOF CYCLE STRESSES AND HISTORY & ENVIRONMENT
SCREENED LIMITS ENVIRONMENTS ON FINAL FRACTURE
REQUIRED PROBABILITY OF DSC da Kies Ke s Kuece s Kiny Ky
DATA DETECTION VS. DSC SIZE on 'S AK. DETERMINE
. AND SHAPE IN SERVICE STATIC FRACTURE
- AKw , da/dt V. Knw gy ionmenT Yo SuOR carreria
- FRACTURE SET INITIAL INSPECTION DETERMINE EXPECTED SET INSPECTION INTERVALS
CONTROL REQUIREMENT SERVICE LIFE TO AVOID FRACTURE OR
STEPS SELECT MATERIALS & DETECT CRACK WELL
) PROCESS CONTROLS BEFORE INSTABILITY
- x STATE CRACK PROPAGATION MODE
- 16.

Many of the conceptual damage tolerance considerations are represented in this
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LIMITATIONS OF MANUAL NDT SYSTEMS AND THE 'NO EYES' CONCEPT

o

R G Taylor
Chief of NDT Technology
Rolls~Royce Limited
Derby
UK

o
0
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1. INTRODUCTION

for many years, the traditional role for non-destructive testing (NDV) has been
confined to that of a goalkeeper, where it is assumed that NDT can prevent the

entry into service of components withk harmful defects or to remove from service T
those components that have become defective through usage. s e

Occasionally it is employed as a method of process control to highlight when e e
significant changes take place in either the manufacturing or life cycle. However, : 2
the emphasis is usually placed on the 'goalkeeper' philosophy particularly in R
. those industries, such as aerospace, where component failure is both costly and S )
could result in loss of life.

Until recently, Jittle or no attempt has been made to couple NDT with the life of
a part and it is unusual to consider the NDT requirements (and limitations) during
the design cycle., All too often the NDT requirements are only considered when the
first components are made and when any limitations imposed on NDT by the shape,
configuration or material is already a fact and beyond a stage when changes are
acceptable. It is also unlikely that in-service inspection requirements will be
considered until a problem arises in the field.

A further problem is the lack of understanding with respect to the reliability of
NDT, although the majority of experienced NDT practitioners will admit tc occasions
- when defects, which should have been detected and rejected, have slipped through St et
the net. Recent studies carried out in the USA have demonstrated that unreliability : jzg
in NDT is a very real problem and weaknesses have been recognised in the IO N
'engineering' of NDT techniques on components and perhaps more disturbing are the
N human factors which lead to defects being missed when the NDT engineering and
. process parameters are correct.

2 It is not surprising, therefore, that premature component failure does occur due
to the weaknesses of NDT and the result has been costly and embarrassing in a
number of industries.

2. DEFECT TOLERANT DESIGN

fhe recent change from the traditional 1ifing concepts in the aircraft industry,
which was established by component testing and an assumption that the material was
free from harmful defects (due to the 'NDT goalkeeper philosophy'), to the defect
tolerant design concept, has necessitated a serious review of both the strengths -
and weaknesses of non-destructive testing. The philosophy of designing and lifing MR AT
a critical compaonent with the possible presence of a defect, just below the e tos
'assumed' detection threshold, places on current NDI methods (and attitudes) a L
responsibility they cannot achieve - to detect a defect with a very high degree of
reliability and to size it with a high level of accuracy.

It 1s no longer acceptable to ask "what is the smallest defect that can be RS RN
detected?” A much more important question to be answered 1s "what 15 the largest .
defect that can be missed?". .

.
Wt

An analysis of the major problems associated with the current ADT technology can
k- be summar:sed as follows:-

ﬂ} 1. Llack of NDI Considerations at the Design stage.

2. Inadequate 'engineering' of the NDI techniques.

3. Defect Detection Requirements which are often toa close to the detection
threshold.

4. Human factors 1n the 1nspection cycle.

.

It may not be possible to totally eliminate all of the weaknesses of NDI in the -
foreseeable future but coansiderable 1mprovements can he made by attenti1on to the [ 2
factors summarised above. T
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NDT CONSIDERATIONS AT THE DESIGN STAGE

In the past, lack of NDI involvement at the Design Stage has resulted 1n severe
limitations in the ability to achieve adequate NDT on fracture crtitical components,
particularly where sub-surface ultrasonic inspections are involved. The principal
activity for the NDI Engineer, at this stage, is to highlight to the Designer, the
limitations of NDT imposed by the shape and configuration of the part. This NDT,
input together with the Material Engineers' knowledge of the type, distribution and
orientation of defects, is intended to convey to the Designer, the likelihood of
defects remaining in the part when all of the inspections have been carried out,

to enable him to assess those implications on the intended lifing objectives. At
this stage it may be possible to make minor modifications to the Design which would
considerably improve the NDT capabilities, or alterations to the material
configuration (forging shape) which would allow a more searching inspection to be
carried out. Whether improvements can be made at this stage or not, it is essential
that the Designer is made aware of the limitations of NDT on his part and that he
finalises the design with that knowledge and agreement. Only when formal agreement
is reached between the Designer, Materials Engineer and NDT Engineer on the
limitations (in Rolls-Royce this is recognised by a formal statement and NDT
limitations drawing) can be detailed inspection plan (Quality Control Procedure) be
released. Final Agreement on the NDT limitations can not be completed until the
first parts are produced and inspected. Ultrasonic Inspectability (for sub-surface
defects) is dependant on the level of inherent material noise (grass) and the size
of defect that is to be detected must have a greater amplitude than the noise level.

ENGINEERING OF THE NDT TECHNIQUE

The recent Reliability Study of NDT in the inspection of Aircraft Engine Components
highlights the importance of NDT Engineering to reliable NDT application. Details
of the specific critieria necessary for successful NDT engineering are contained in
the report but in particular the objective of NDT Engineering concerns:

Correct selection of the NDT method

Obtain the maximum signal to noise ratioc for the minimum defect size to be
detected.

Validation that the process can meet the intended specification consistently and
reliably.

Seal the NDT documentation
Monitor, on a regular basis, that the process continues to meet the requirements.
In addition, it may be necessary to provide fixtures, tooling and defect panels or

sensors to minimise the effect of human variations.

DEFECT DETECTION REQUIPEMENTS (QUALITY STANDARDS)

One of the main problems for NDT is the 1ncreasing demand to detect smaller defects
which are extremely close to current detection thresholds. This 15 true for all
NDT methods and in particular to the ultrasonic inspection of critical parts for
sub surface defects. During the past 10 years, the defect size required to be
detected, has reduced from a No.3 hole (USA 3/64" dia}) to a No.2 hole ‘264" dia’
of a No.1! hole (1/64" dia) for some materials; in effect a reduction factor of 4 or
greater of defect size, a reduction in the signal to noise ratio and a decrease 1n
detection reliability. In order to 1ncrease detection reliability 1t 1s essential
to increase the signal to noise ratio (ie,a greater difference hetween the detect
signal and material noise). This increase is also required to introduce effective
automation encessary to reduce the risks of human failure (see HUMAN FACTORS.

I[f we accept the argument that "the smaller the defect the lersser the contidence
in detecting it"” it is unlikely that current NDIT methods alone cun ever achieve
the reliability necessary for defect tolerant design. Ffreedom from defects must
be assured by both stricter process control together with amproved NDT technology.

HUMAN FACTORS IN THE INSPECTION CYCLE

Although the 'HAVE CRACK®' reliability study highlighted and quantified the human
factors problem in NOT, experienced NDIT practitioners are well aware of the
failings of the human being in the 1nspection cycle. Radiograpby 14 the NDI method
with the worst record of 'defect misses' simply because the 'evidence' 1s avallable

after the event; however, 1t would be unwise (and untrue! to suqggest that other NDT
methods are less prone to human failure.
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Whilst it may be possible, by careful personnel selection, to minimise the risk of
human failure, defect miscalls by the inspector must be accepted as an established
fact of life and a number of actions are required to eliminate the problem.

The most important requirement is to remove the human being from the inspection
cycle or, reduce the incidence of failure by enhancing defect detection (improving
signal to noise ratio) and to channel the attention of the inspector to the
defects, Substantial research and development is required to achieve these
ovjectives and within Rolls-Royce this was resulted in the "No Eyes" NDT R&D
programme.

Although much has been accomplished by automating the 'Search' procedure and in
certain cases warning the operator that a defect has been detected, in the majority
of cases, the inspector is still required to determine whether the 'call' is true
or false and to subsequently adjudicate on the acceptance or rejection of the real
calls. Nevertheless, these advances represent a considerable improvement in the
reliability of NDT since the tedium of distinguishing the good parts from 'bad' has
been eliminated and the inspector can now concentrate on the parts on which
definitive judgements have to be made. The areas where improvements have been made
are:

. Real Time X-Ray of Turbine Blades
Penetrant Inspection of Blades

Ultrasonic Inspection of Discs

.- . Magnetic particle inspection of shafts

various eddy current applications.

In each of these, the system passes components with ‘indications' below a defined
level and rejects those parts with an indication above the level for adjudication

by the inspector. In some cases this can result in more than 80% of the components
being passed without any human intervention in either the processing or inspection
cycle. Development is continuing, in all of these fields, in an attempt to
completely eliminate the need for human involvement. However, a considerable
problem is yet to be resolved. The majority of NDT methods produce 'indications'
which may be real defects or 'the indications' may be spurious and non-malignant.
Whilst modern technology is generally capable of detecting indications, reliably

and consistently, modern technology does not yet possess the ‘'artificial intelligence’
which will enable it to distinguish between the real and the spurious and until this
is available the human being must remain inthe inspection cycle.

finally, where it is still a requirement to provide high NDT reliability and where
it is not yet possible to utilise 'No Eyes' or 'semi-No Eyes' technology, the only
recourse available is to carry out 'dual inspections' in order to prevent or, at
best, minimise the number of defects that could slip through the net.
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THE ROLE OF THERMAL AND STRESS ANALYSES IN THE APPLICATION OF
DAMAGE TOLERANT DESIGN

by

G. F. Harrison
Propulsion Department,
RAE Pyestock, Farnborough,
Hants, ENGLAND
and
T. H. Edmunds
Rolls-Royce, Ltd
PO Box 3, Filton, Bristol,
ENGLAND

SUMMARY

The paper illustrates some of the important factors affecting the accuracy of
proven analysis techniques in support of a damage tolerant design methodology.
Temperature sensitivity analysis and the relevance of component geometry in controlling
material response to external loading are discussed. The requirement to translate
characterised material behaviour into models suitable in stress analysis is demonstrated,
Examples identifying critical stresses and critical locations in typical engine discs are
presented. The implementation of fracture mechanics analysis methods to these regions is
discussed. Finally their relevance to damage tolerant design concepts is evaluated.

1 INTRODUCTION

One of the most significant consequences of the stringent lifing rules currently in
force for aero engine components is that manufacturers have safety records of which they
can be moderately satisfied. Between 1978 and 1981 all three major manufacturers of
large fan engines - (Rolls~Royce, General Electric and Pratt & Whitney) - }imited uncon-
tained failures of rotating parts to 0,63 to 0,65 per million flying hours . Such low
failure rates are a consequence of the restricted lives placed on rotating components by
the manufacturer.

The declared safe lives for these 'Group A' parts are derived from both full scale
and laboratory test results, modified using statistical correction factors based on
scatter in material properties and mission profiles. The safety criterion for UK engine
discs is that on removal from service not more than 1 in 750 should exhibit a small but
detectable crack. It is estimated that in achieving this rate, over 80% of the discs
will have utilised less than half their safe lives,

In the current economic climate with airlines and airforces both trying to reduce
‘cost of ownership' there is a strong motivation to extend overhaul periods and to alter
or replace existing lifing procedures so that the maximum proportion of the disc life can
be utilised without compromising safety. Of much greater importance than economic argu-
ments is the fact that, to meet the increasing engine requirements of higher thrust-to-
weight ratins, discs are being designed to run more highly stressed. These highly
stressed components show an increased defect sensitivity and a 'life to first crack' phi-
losophy may be neither conservative nor even meaningful., To fill this gap there has been
a move to use fracture mechanics concepts for predicting service life and, more recently,
to embody this within damage tolerant design concepts. Under this approach discs are
removed from service hefore an assumed inherent flaw is calculated or observed to have
jeown ko a critical size. Broadly the philosophy should allow a larger proportion of the
safe 1ife to be utilised,

For a typical disc material the failure distribution from -3: to +3v (where ¢ is
standard deviation) is likely to occur over a range in life of about a factor of 6. For
a required life this is equivalent to the maximum stress that the weakest batch of a
material can sustain being about 30% below the stress which the average material can
sustain, 1In practice a further safety margin is allowed and the design line may be
located at a position which is only 2/3 of that corresponding to the -3¢ line. This
qives an operating stress which is a further 15% below the stress that the average
material can sustain for this life.

The additionnal margin anticipates inaccuracies in estimating stress and temperature
distributions, material variability and variations in service usage. It implies that as
the number of parameters controlling component life increases, the more accurately each
must be calculated and weighted according to its contribution to life consumption,
Furthermore if a greater proportion nf the available disc life is to be used in service
without a higher risk of failure, parameters affecting life must be calculated and moni-
tored to a greater accuracy so that their effects on component life can be summated.

The major factors controlling the lives of discs in service are the magnitudes and
variations in the stress and temperatures experienced. The role of thermal and stress
analysis is to calculate these so that service lives may be optimised. However before
discussing these factors it is useful to consider some practical aspects of numerical
modelling techniques.
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2 NUMERICAL MODELLING AND DISCRETISATION

This section relates mainly to the use of techniques in general rather than
detailed characterisation of the material. The Finite Element Method is probably the
most widely used method for calculating stresses and temperatures for service components.
Assuming that the most appropriate element type has been selected and control parameters
have been set to ensure converged solutions, the algorithm employed can have a marked
influence on the required computing time. This was demonstrated in some recent work at
RAE” in which several non-linear methods were applied to analyse the elasto-plastic
stress distributions at the root of a notched cantilever bend specimen used for low cycle
fatigue studies. To compare the speeds and the convergence rates, identical loading
histories were used with each algorithm. The finite element idealisation of the specimen
required 252 twenty-node isoparametric brick elements, 1719 nodes and a maximum front
width of 498 degrees of freedom. Best and worst results are shown in Table 1.

Table 1

COMPARISON OF CPU TIME WITH DIFFERENT LOADING ALGORITHMS

s Total number .
Algorithm of iterations CPU time
Initial stiffness 55 4h 36m
Tangent stiffness 23 24h 48m

When using the tangent stiffness algorithm, the stiffness matrix is recalculated at
the start of each iteration. The results illustrate the expected rapid convergence of
the iterative procedure and that the reduction of a new stiffness matrix for every itera-
tion is computationally time consuming. 1In comparison the initial stiffness method needs
many iterations but since the elastic stiffness matrix is used throughout, the method is
extremely efficient.

These findings will apply to most computer problems involving large numbers of non-
linear equations and show that suppressing reformulation of the stiffness matrix may
reduce considerably the solution time without loss of accuracy.

In any analysis a compromise has to be reached between accuracy and computer CPU
time (ie cost). For the example illustrated the less efficient tangent stiffness method
took more than 5 times tha CPU time of the initial stiffness method and so, with the same
limitation on computer access, using the initial stiffness algorithm a much finer mesh
can be employed. Table 2 illustrates the effects of mesh size on calculated stress
levels for a typical feature in a turbine disc for a small engine.

The difference between the two sets of results is largely a consequence of the ana-
lysis procedure in which stress values are calculated for a discrete number of integra-
tion points within the element and then linearly extrapolated to the element boundaries
to obtain nodal values. Thus the coarse mesh involves greater extrapolation but since
surface stress levels can be critical, it is not good practice to extrapolate over rela-
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If the disc is lnaded ro a level that induces plasticity, then the difference in

caleculated peak stresses hetween coarse and fine discretisation will be reduced. Using a
raarse mesh the peak principal stress may be calculated to be at the surface whereas with
the finer mnesh it ~an be shown to occur helow the surface. The significance of this will

Heo discuassed later,

3 THERMAL STRESS MODELLING

s A

Klemoent size ~an also affect the accuracy obtained from thermal stress calcnla- v
tions, A typical converjged thermal solution using second order elements may represent
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temperature as a piece-wise quadratic within each element. However, the same structural
mesh cannot represent a quadratic variation of strain and hence local stress errors can
be introduced. The position is worsened by the temperature dependence of the expansion
coefticient.

An example illustrating the magnitude of this inaccuracy can be seen by considering
a temperature variation across the cob of a disc. For illustration this has been
simplified to a thin plate with the unidirectional temperature gradient shown in Table 2
and modelled using eight second order elements. Since the plate contains no geometric
constraint it is free to expand and hence should be unstressed. The non-zero stresses
calculated along the centreline of the plate are also presented in Table 3.

]

Table 3

FRE )
L

+

THERMAL STRESS ANALYSIS GF AN UNCONSTRAINED THIN PLATE

e
L
F
Position Temperature °C Longitudinal stress MPa Transverse stress MPa -
Edge 525 -5.34 -10.4
447 4,58 15.2
380 -4.98 - 8.75
327 4,21 15.9
289 -1.06 - 5.53 :
261 1.85 8.33 :
241 -1.04 - 2.13 :
231 0.78 4.29
Cob centre 225 -0.30 - 1.09

The errors illustrated are of the order of 2% of the peak service stresses but in the
real situation they could be even greater. To minimise these it is necessary to use a
fine mesh and/or higher order elements.

Additional to computational aspects, since material behaviour is highly sensitive
to temperature, accurate determination of the latter is essential. Temperature gradients
across rotating turbine discs are functions of conductive heat flow within the disc and
convective and radiative heat flow at the surfaces. Boundary layer heat transfer coef-~
ficients are extremely difficult to quantify and in practice accurate temperatures are
best determined by measurement using thermocouples, radiation pyrometers or thermal
paint. Since these data are not available at the time of design it is necessary to use
heat transfer coefficients based on past experience.

Qualitatively the effects of temperature can be summarised as follows. For a
soaked high temp rature condition, the rim of a disc is hotter than the bore.
Differential expansions result in the diaphragm being subjected to radial tensile
stresses, the cob to hoop tensile stresses and the rim to hoop compressive stresses.
Conversely, during deceleration, the rim cools more quickly and a reverse temperature
gradient can be established with the rim being subjected to high tensile hoop stress, the
web to radial compressive and the cob to hoop compressive stresses.

The effects of temperature can be illustrated in more detail by reference to its
influence during specific parts of the flight cycle.

Farly in the take-off sequence a maximum temperature gradient is established bet-
ween the cold interior of the cob and surrounding parts of the disc. A simple thermal
sensitivity analysis can be performed to investigate the dependence of the induced
stresses on temperature variations. The results of such an analysis are illustrated in
Fig 1. The maximum hoop stress is linearly related to the temperature difference between
the surface and the centre of the cob. The extrapolation to isothermal conditions indi-
cates the hoop stress due solely to mechanical loading, and in the present case this is
about 680 MPa., The additicnal diagram on Fig 1 exemplifies the 'onion ring' stress con-
tours of a disc for a transient temperature difference of 300°C,

For this disc it is considered that during the take-off sequence the cob experien-
ces a maximum temperature difference of 150 * 25°C. This produces a variation of < 5%
in the calculated peak transient hoop stress (1200 MPa * 5%). A similar analysis shows
that during the shutdown sequence the magnitude of the maximnum thermally induced
compressive stress is 40% of the peak tensile value.

A sensitivity analysis can also be carried out for an idealised cruise condition.
For the case considered, temperatures at the rim and bore have been estimated to be 650°C
and 300°C respectively. Calculations indicate that under these conditions the ~aximum
steady state hoop stress at the bore is about 80% of the peak transient value. Tt is
noteworthy that this calculated stress value is not particularly sensitive to inac-
curacies in the estimated temperatures and variations of 50°C in the operating tem-
perature difference alter the calculated peak hoop stresses by only 5%. Extrapolation
to isothermal conditions contirms the previous value for the peak hoop stress due solely
to mechanical loading (680 MPa). This is again about 70% of the peak steady state
stress level. Although the latter situation is physically unrealistic this confirmation
of the level of mechanical stresses provides confidence in the analyses.




4 MATERIAL MODELLING

In the discussions on temperature sensitivity, the stress calculations assumed that
the disc remained elastic. 1In general it is good practice to carry out a full plastic
analysis of the disc, which requires tensile stress-strain data over a range of tem-
peratures likely to be experienced by the disc. The tensile stress-strain curves are
affected not only by minor compositional and structural variations between samples of a
material, but also by the strain rates during testing. The influence of the latter fac-
tor increases progressively as the testing temperature increases. Fig 2 shows a schema-
tic tensile curve. Curves representing fully elastic and ideal plastic material have
been added to illustrate extremes of mechanical behaviour.

The following examples have been selected to illustrate some of the effects of
material properties on predicted stresses in components.

In general terms, for a stress concentration feature at low temperatures the
strongest samples of a material might remain elastic whereas weaker samples of the same
material might be expected to yield. Furthermore, for a stress concentration feature at
a high temperature, stronger samples may behave in the typical elastic-plastic manner
whereas weaker samples of the same material, could tend towards elastic-ideal plastic
behaviour, especially at slow strain rates.

Figs 3(a), (b) and (c) show van Mises and maximum principal stress gradients at a
typical stress concentration feature in a small turbine disc. The effects of extremes in
material behaviour are illustrated in Figs 3(a) and (c), where respectively the material
is assumed to behave in an elastic and in an ideal-plastic manner. Fig 3(b) illustrates
the results likely to be obtained for a typical material.

These conventional stress analyses predict the response of the material to
monotonic lnading conditions. However prolonged engine service with complex mechanical
and thermal cycling can alter the response of the material to the induced loads through
processes such as creep relaxation or dynamic softening. Examples of these effects will
be given by reference to the analyses of a titanium model disc which was cycled to
failure in a spin-pit test. Fig 4(a) illustrates the hoop stress distribution along the
centreline of the disc. The results were obtained using conventional tensile stress-
strain data. On completion of the experimental test, standard fractographic examination
revealed the location of the the initial cracked region in the disc and this has been
identified in the figure. Typical of many situations in which stress redistribution
takes place, the cracks occurred sub surface.

Neither von Mises stress nor the maximum principal (hoop) stress, which is
illustrated in Fig 4(a), predict the failure region in the disc. However in practice at
temperatures below 200°C, several titanium alloys are known to accumulate strain when
under constant load” and a corollary to this is that in a disc rotating at constant
speed, plastic strain will occur but in this case, at a stress concentration feature it
will be accompanied by stress relaxation. Since the only relevant materials information
used in a conventional stress analysis is stress-strain data no account is taken of this
behaviour and so, before a more accurate estimation of the stress distribution can be
obtained, an improved characterisation of material response to the induced mechanical
cycle is required. 1In defining laboratory tests to achieve this, points to be considered
include whether the tests should be stress or strain controlled and whether periods of
time on or off load affect material behaviour. Additionally the stress analysis of Fig
4a is valid for the first loading cycle and shows that during this cycle the whole of the
cob undergoes non-uniform plastic deformation. Hence the most satisfactory simulation of
the material behaviour may be achieved by strain control tests.

Appropriate simulation of material behaviour requires recognition of two further
points. Firstly, the model disc tests incorporate dwell periods at maximum speeds and
this can be simulated in the strain control tests by sustaining the peak strain for a
similar duration. Secondly, the minimum strains imposed during strain control testing
must be selected to simulate the compressive stresses remaining in the disc after the
load is removed. This is a much more difficult requirement to fulfil and needs detailed
assessment. Results from the earlier analysis showed that on unloading the remaining
compressive stresses are much less than the compressived yield point., However, practical
experience warns that, for a typical zero to max strain test on a labhoratory specimen,
should yielding occur to the extent experienced in the disc, the accompanying stress
cycle will alter from the initial zero to max stress such that at 'shakedown', stress
levels will tend towards a fully reversed stress cycle. This implies that a zero minimum
strain level is too severe to model accurately the small compressive stress levels
remaining in the disc, and leads to the requirement that the lower strain control limit
should have a tensile value.

A series of these tests can be used to characterise a material's response to cyclic
lnading., This has then to be represented as a materials behaviour model acceptable for
analysis purponses. Peak shakedown stress against corresponding total accumulated strain
provides a suitable form and allows a dynamic stress-strain curve to be constructed. The
use nf such a materials model in a stress analysis of the same problem as for Fig 4a
qives the results shown in Fig 4b (static and dynamic stress strain curves are schemati-
cally compared in Fing 5).

The dynamic stress-strain curve reflects ‘shakedown' conditions but provides no
informatinn on the progressive transition from initial to shakednwn stress




distributions. Equally it is impractical to model individually *1a0nusands of 1nading
cycles. Nevertheless, since transient behaviour may influence . inal shakedown con-
ditions, information on this may be important. It can be obt.ined by performing a time-
dependent analysis. From such an analysis the estimated stress distribution after 100h
load is presented in Fig 4c. The results were obtained using the MARC* analysis package
with an RAE user-developed subroutine incorporating a creep equatinn for deformation
behaviour. Comparing the predicted failure locations in Fig 4b and 4c the dynamic
stress-strain curve gives a better result than the full creep analysis. Computing times
on a Vax 11/750 minicomputer were 20 min for the dynamic curve analysis and 100 min for
the creep, making the dynamic analysis particularly attractive.

The relatively poor predictions of the creep analysis arises because it is found
that under cyclic loading with dwell-on-load, strain accumulates slightly faster than
under simple static creep and so the creep equation used to predict Fig 4b still did not
accurately model the material response to the imposed cyclic lonading. If the additional
effects of loading are taken into account, close agreement is obtained with the results
from the dynamic analysis. The results in this section demonstrate that to obtain rele-
vant stress distributions in discs care must be taken to characterise correctly material
behaviour.

5 IDENTIFICATION OF CRITICAL STRESSES AND LOCATIONS

Having completed the stress analysis of a disc, a further problem is to determine
whether, von Mises stress, equivalent plastic strain or maximum principal stress should
be used to correlate behaviour. This section examines these options in respect to
methods available for estimating disc life.

For the model disc associated with Fig 4, the von Mises stresses are highest at the
bore although cracks initiate within the cob, the exact location coinciding with the peak
hoop stress (ie maximum principal stress) as shown in Fig 4a.

The distribution of stresses around a stress concentration feature in a small cast
disc are presented in Fig 6 and some details are given in Table 4.

Table 4

ASSESSMENT OF STRESSES AT VARYING DEPTHS IN THE FAILURE REGION
OF A SMALL GAS TURBINE DISC

Stress MPa Cracking Relative crack
Plastic susceptibility growth rates
Location von Max imum estraln_a .
. . . pix 1077) ﬁ./a
Mises prlnc1pa1(ol) 9, /ep
MNm-a/2
Crack Surface 719 897 4.9 63 9.0
site 5% depth 717 932 2.6 48 9.3
10% depth 706 1013 0.7 27 10.1
15% depth 700 1004 0.4 6 10.0
20% depth 604 864 0.0 0 8.6
CcoB 716 608 2.7 32 6.1
* assumed flaw size a = 0.1 mm

The results show that for a range of locations there is little difference in the von
Mises stress levels. 1In contrast, plastic strains and principal stresses show marked
differences. Indeed the greatest plastic strain in the vicinity of the failure site is
approximately twice that in the cob region and more significantly, peak maximum principal
stress is almost twice that in the cob region. Similar results are obtained when
increasing the peak rotational speed (Table 5) and as will be seen later, by altering the
local geometry.

Table 5

EFFECT OF OVERSPEED ON STRESSES IN THE FAILURE REGION

T
! Stress MPa 4
Speed Plastic strain ep(x 107)
von Mises Maximum principal

| Design speed 717 895 2,2

\

| 5% overspeed 718 933 3.6

|

' 10% overspeed 719 986 4.3

L

* Tradename of MARC Analysis Research Corporation

v
.




In Fig 7 lines have been drawn at selected nodes to indicate the operating direc-
tions of the maximum principal stresses in the failure region of the disc. The dots
shown in this figure indicate that at these positions the principal stress perpendicular
to this plane, (ie the hoop direction) has now become the maximum principal stress,
Examination of cracked disc shows that the cracks grow perpendicular to these directions,
supporting the importance of principal stress as a parameter controlling disc life. If
flaws are present, relative crack growth rates at the various positions are also pre-
sented in Table 4. The results emphasise the importance of principal stress as a disc
life limiting parameter and the significance of this will be discussed further in
section 7.

The results also show that the plasticity is greatest in surface regions. In the
absence of an inherent defect, the crack site will be related to a combination of the
operating stress and the local plastic strain, and so an approximate crack susceptibility
tactor, ol/ep , can sometimes be used. This factor has bheen selected over the more

physically attractive energy term (aep) because from the limited information available

principal stress is more important in controlling crack initiation than plastic It
should be noted that the factor is used to indicate the likely cracking position and is
not associated with stress intensity.

6 DESIGN CONSIDERATIONS

Having identified the failure region in the disc as illustrated through the results
in Tables 4 and 5 the next stage is to investigate possible design modifications which
will increase the life at this location.

A useful concept in disc design is the 'free hoop radius'. This is the radius at
which a thin free ring of the same material as the disc, would have the identical radial
growth. If a design modification adds material inside this radius it should reduce local
hoop stresses and should be self supporting. Material added outside the free hoop radius
has to be partly supported by the existing disc and therefore increases stresses
elsewhere,

Table & illustrates peak von Mises and principal stresses in the failure region of
a disc as the local profile is altered. For comparison purposes peak bore region
stresses are included. Again it can be seen that increasing the radius has an

Table 6

EFFECT OF INCREASING CRITICAL RADIUS ON LOCAL STRESSES
AND SUSCEPTIBILITY TO CRACKING

!
Stress MPa Plastic Cracking Relative crack|
strzin susceptibility growth rates
Location von Peak maximum i
. L -3 g Ja¥*
Mises prlnc1pa1(al) e (x 10°°) a. Ve 32
p bop MNm ™3/
*R 721 1140 8.5 105 36
2R 719 1040 4.9 73 10.4
6R 713 880 1.6 35 9.8
Cob 716 608 2.7 32 6.1

*R is the original radius at the limiting feature
** agsumed flaw size, a , = 0.1 mm

insignificant effect on the local von Mises stress level. 1In contrast there is a large
reduction in local plastic strain, accompanied by a significant reduction in peak prin-
cipal stress. As far as disc life limiting factors are concerned, a reduction in the
critical radius by a factor of 6 still gives a peak principal stress level which is
higher than that in the cob region. Thus if a flaw is present, the crack propagation
rate will be higher than in the cob. However, the local plastic strain is only about 0.6
of the peak bhore strain and so the susceptibility parameters, al/ep , are similar,

indicating that this is close to optimum design. 1Indeed, increasing the radius further
adds material outside the free hoop radius and has therefore to be supported.

Designing components in which the stress systems redirect or turn the crack is a
useful way of allowing larger crack growth prior to failure. This extra life should be
used only as a safety factor if occurring in the cob region and in the rim it should be
used to minimise the amount of material shed should a crack propagate.

Tt is well established that von Mises stress is most appropriate for characterising
multiaxial creep processes and plastic flow. However, the results in Table 6 indicate
for discs that equivalent plastic strain is a more sensitive measure of material beha-
viour and support its use as a control parameter in Low Cycle Fatique studies. 1In plain
specimen LCF testing, the imposed strain is applied over the whole gauge volume and the

Fula'a'a

.

el




6-7

subsequent crack growth is rapid since it is in a constant or, following crack growth, an
increasing stress field. 1In a disc, specific strain levels apply over very small volumes
and growth is generally into a decreasing stress field, Hence failure in a simple
laboratory test cannot be easily equated to failure in a disc. Nevertheless for a given
strain level, crack initiation is likely to occur in a similar number of cycles and so
the laboratory failure curve can be used to estimate crack initiation in the disc.

For cast materials incurring over 0.1% plastic strain, failure can occur in about
100 cycles so that for a range of loading conditions, crack initiation is a relatively
easy event and therefore arguments with respect to inherent and induced cracks become
largely irrelevent. Hence discs of these materials may be cracked for most or even all
of their lives, although initially crack sizes may be below typical limits of detection.
In practice, providing a suitable initial size is assumed in the crack propagation analy-~
sis, it should be possible to estimate safe lives for these discs. Indeed ENSIP lifing
rules assume that flaws are present at critical locations and if applied to the results
in Table 4 would lead to the prediction that cracks at the sub-surface position grow at a
rate which would be 10% faster than at the surface and 66% faster than in the cob.

7 DISC LIFING PROCEDURES

Having established the important factors controlling material behaviour and identi-
fying their distributions, the next stage is to use these in a life determination exer-
cise. Two approaches have emerged, the traditional life to first crack and more recently
the application of fracture mechanics and damage tolerant design concepts. Progressively
the latter is assuming greater importance. TIndeed the potential of modern high strength
disc materials may only be fully exploited by instituting such procedures. Firstly
however the 'life to first crack' approach will be examined briefly.

7.1 Life to first crack

Currently, design curves are based on disc spinning results «1d/or laboratory LCF
data which have been modified using statistics to produce the design curve for the disc.
Essentially this is a crack initiation approach in which the disc is considered to be
life expired once a crack has been detected. Superficially it may be considered to have
the advantage that no detailed understanding of the mechanisms of failure is required,
however if life predictions are to be made with confidence it is essential to establish
the limitations of the method employed.

In practice spin-pit tests are normally conducted isothermally and service thermal
stress is allowed for by increasing the disc speed. Typical effects of test overspeed on
stress distribution in the critical region of a disc are presented in Fig 8. It can be
seen that the 40% overspeed test has achieved the peak stress level of the service disc,
however the associated stress gradients do not correlate as well. This poor agreement is
also reflected in both eguivalent strain and principal stress values. For the reasons
stated earlier, these differences should have little effect on the conventional "life to
first crack". 1In contrast they will have a larger effect on the disc burst life which
includes a significant contribution from the crack growth stage. Techniques for gquan-
tifying crack growth will be considered in the next section.

7.2 Crack propagation life

Within the overall fatigue endurance life of a disc, various phenomena operate in
the crack initiation and propagation phases. Manufacturing induced defects and service
imposed local strain events, separately, or in combination, control disc crack ini-
tiation. To assess fully the effects of the initial crack or defect, it is necessary to
estimate its crack propagation life and the major numerical problem in this is the deter-
mination of the operating stress intensity factors. Detailed assessment of fracture
mechanics computations is outside the scope of this paper. Nevertheless since stress
intensities are calculated from the results of stress analyses a brief resume will be
given of some of the techniques employed and the likely accuracies of the results,

The initial problem in such a stress analysis is the modelling of the mesh near the
crack tip so that the singularity in stress can be represented with sufficient accuracy.
Many methods are available, a typical one being to degenerate standard 8-noded isopara-
metric elements to triangles and to move the midside nodes adjacent to the crack tip to
quarter point positions. Using such elements in a stress analysis satisfies the 1//r
singularity in the stress field. The resultant errors obtained in stress intensity
values calculated from stresses and displacements or strain energy release rates are
generally within #3%,

Although only propagation life is controlled by the stress intensity parameter it
is now known, thanks to greater sensitivity of laboratory methods, that crack propagation
is occurring during the main part of a components life. However, there is a lower crack
size limit to stress intensity controlled crack growth. Haddad has proposed the use of
an '1_' parameter which is function of threshold stress intensity and the fatique
endurance stress and in a simplified form relates to the crack size which must be
exceeded before continuum mechanics can be applied.

The integrated form of the standard crack growth equation, da/dN = cAKn, can be
used to estimate the number of cycles, N, between initial, Ay and final safe crack
size, ay, as shown:




c(ak) "

[ L

and

AK = Go v

=

where ¢ and n are material parameters and can be determined by standard tests. G is
a function of crack geometry.

Numerical procedures are frequently used to fit particular forms of f(AK) to the
raw da/dN - AK data obtained from laboratory crack propagation tests. For illustration,
Fig 9 shows two possible representations of the same data and Table 8 shows the results
when these, and two additional expressions are applied to a typical propagation analysis.
It can be seen that for this exercise the choice of law can influence the 1life by about
13%.

Table 7

CALCULATED LIVES WITH 3SELECTED CRACK PROPAGATION EQUATIONS

—- - -
Form of law RMS error in AK Calculated life (cycles)
claky” 15% 5169
EXP(C1 sin h (C2 log aAK + C3) + C4) 3.3% 5338
n
clak - sk N/(1-R) K - aK
7 . 1.6% : 4749
Linear interpolation on raw data N/A [ 5412

To avoid cycle-by-cycle integration, a numerical quadrature scheme is often used
and may include a second order, predictor-corrector algorithm with a fixed relative
change in crack length per step. For a typical propagation analysis the associated
accuracy is illustrated in Table 8.

Despite the importance of these results, non-through surface and corner cracks are
more important to discs and will be discussed in the following section.

Table 8

TYPICAL ERRORS ASSOCIATED WITH CRACK STEP LENGTH

e -
Relative change in crack Number of eHgluations $ Error
length in one step of N in life
— -
0.01 742 -
0.02 372 -
0.05 152 0.03
0.1 78 0.25
0.2 40 0.80
0.5 18 4,64
L— —— - -

Although a few 3D tinite element analyses growing cracks in components have been
reported, for example Ref 5, currently this is an expensive design procedure. For simple
qeometries, solutions have been tabulated in Refs 6 and 7, for example, and these are
Accurate to within 5%, However, for complex cases when the crack is of the same size as
3 1ncal structural feature it is necessary to use an alternative method such as approxi-
mating the Green's function of the component by that of a rectangular block. It is then
possible to use the stresses in the uncracked body and the tabulated solutions to esti-
mate the stress intensity factors in the component. The accuracy of this type of proce-
dure is hard to quantify but, without extreme care, the errors can be greater than 20%.ll

Recently the approach in Ref 6 has been extended to the analysis of small non-
through cracks occurring within the plastic strain fields of notch bend fatigue
specimens8, 1t was shown that these behave similarly to long cracks, provided the
appropriate stress values are used, 1In this case the plastic stresses adjacent to the
crack fronts rather than the remote stresses were used to calculate the stress intensity.
In practice, although disc materials may initially deform plastically, in most situations
these components quickly shakedown to essentially elastic behaviour. Hence although the
approach may not bhe strictly correct, when applied with caution, errors should be small.
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With these assumptions and using average short crack stress intensity values, it is
possible to superimpose both short corner and centre, crack propagation rate data on the
long crack best fit line, Fig 10. As shown in this figure, the assumptions are also
valid for short cracks in model discs.

The above technique has been applied to the small engine disc referred to pre-
viously. Modelling the cracks as semicircular flaws in a finite block gives a value for
G = 2.32. Assuming a, = 0.5 mm and that after initial plastic flow has occurred the
material behaves elasgically, the estimated disc lives are within 15% of the values
calculated from spin~pit test results.

8 SERVICE MONITORING

In any lifing procedure, it is essential that actual service usage be monitored and
compared to the design assumptions. This requires the stresses and temperatures from
flight recorded data. An approach to this formidable computational task is described in
Ref 9. 1In this an algorithm is described which is capable of reproducing the results of
the finite element models discussed earlier to an accuracy of #5%.

9 DAMAGE TOLERANT CONCEPTS

The optimised design of severely loaded components such as gas turbine discs is a
balance between low weight and high strength. Demands for increased engine performance
have progressively resulted in higher stresses in discs and this has in turn resulted in
the development and use of specialised high strength alloys. In general, these have a
different failure criterion compared to conventional wrought discs, and hence require new
lifing concepts (eg ENSIP) to realise their full potentials. Indeed the current paper is
particularly relevant to two aspects of the proposed ENSIP lifing regulations.

Firstly, a main objective of these lifing rules is to apply damage tolerant con-
cepts to those critical parts where failure could result in the loss of an aircraft.
Engine discs with their high rotational energies fall into this category and to achieve
adequate damage tolerance their stress distributions must be accurately predicted and
controlled. The section on numerical analysis showed that if the disc is modelled with
insufficient detail not only will there be errors in the calculated stress levels but
also in the predicted failure positions. This can have serious ramifications when
attempting to control the stress distribution to achieve damage tolerance.

Secondly, and of greater importance, it is suggested in ENSIP that structural pro-
perties used in design shall be the minimum of the specified values. This, surprisingly,
may lead to the optimistic lifing of some components. The implication of Fig 3 is that,
due to smaller amounts of plasticity, discs of higher strength batches of a given
material may be stressed to a greater degree than discs manufactured from minimum
strength samples of the material. Thus, in the presence of a flaw, they will have higher
stress intensities and hence the paradox that the life expectancy of discs manufactured
from high strength samples may be lower than those of poorer gquality material and con-
sequently may be lower than the predicted life using the method proposed in ENSIP.

-
»
bd
>

v -

The success, in the finite element analysis context, of using the dynamic stress-
strain curve in modelling the material response to cyclic loading, indicates a require-
ment to develop and expand the material characterisation. Under cyclic loading con-
ditions, material in the region of a stress concentration feature such as a bolt-hole may
experience almost fully reversed stress cycles and, in contrast in the cob region, the
situation may be closer to repeated tensile stress cycling. The significance is that
different loading sequences can produce varying material responses and hence different
dynamic stress-strain relationships. Thus in a stress analysis forming part of a service
usage assessment, it may be necessary to employ a series of dynamic stress-strain curves
which have been obtained under the cyclic conditions most appropriate to the specific
regions.

Statistical analysis indicates that current lifing rules result in some 80% of tur-
bine discs being retired from service having used less than half their available safe
life. With reference to any alternative lifing technique having to achieve a greater
utilisation of available safe life, the results in Table 6 are important. These show
that even with the largest radius considered (the '6R' geometry), the maximum principal
stress is much greater than at the cob and consequently, assuming the presence of flaws,
crack propagation rates will be correspondingly faster. However in the absence of a
flaw, plastic strain is greater in the cob region, Therefore, on the basis of results
from simple strain controlled fatigue tests, cracking could occur in this region prior to
the critical location. Complementary to this, the thermal analysis shows that the tran-
sient temperature differences during the take-off and landing sequences may induce the
largest stresses experienced by the disc and again these are most severe in the cob. In
practice, because of lower principal stresses in this region the crack should propagate
at a slow rate. Unfortunately this crack is likely to initiate at a sub-surface location
with the accompanying detection (and lifing) difficulties. These examples illustrate the
requirement for careful inspection of the whole disc.

The effects of surface defects can possibly be simulated in spin-pit tests by
introducing artificial cracks at critical locations. Unfortunately, as Fig 7 illustra-
tes, for any region where plastic flow occurs, the critical location is sub-surface and
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it is not possible to simulate embedded defects in these locations, although pessimistic
safe lives may be estimated by introducing an artificial surface flaw to the appropriate
depth.

To calculate the full thermal contribution to life consumption, heat transfer
models have to predict component temperatures as a function of flight conditions. 1In the
past there has been inadequate identification of the service usage critical to the lifing
of individual components. However in-flight recorders now allow accurate monitoring of
service profiles. A recent approach to the analysis of such information is based on
carrying out continuous but simplified thermal and stress analyses and then using corre-
lating tables/constants for translating these results to corresponding full scale analy-
ses. This has the potential for on-board installation, and accurate monitoring of damage
accumulation. It may therefore provide a realistic way of meeting the requirement for
in-flight transient thermal and stress analyses.

10 CONCLUDING REMARKS

In the design and subsequent life assessment of discs the requirement for accurate
stress an. temperature analyses has been demonstrated. The influences of mesh size and
material response and the role of shakedown stress have been illustrated.

The importance of local strain and principal stress has been shown. A parameter
to assess sensitivity to cracking has been suggested to aid the evaluation of design
modifications.

Of the numerical inaccuracies considered, it has been recognised that the major
problem relates to the determination of stress intensity factors at complex structural
details.

Finally, the importance of accurately modelling materials behaviour has been con-
sidered in relation to a design code.
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SUMMARY

A review of the damage tolerance methodology is presented refering the main factors, parameters and
computacional procedure for the assessment of flaws in the structure in order to avoid fatigue failures.
Flaw acceptance and fatigue design methods are also reviewed and discussed.

Results of a defect tolerance study in cruciform welded joints of low and medium strength steels are
presented. Theoretical defect tolerance curves relating initial flaw sizes, applied nominal stress, endu-
rance and weld and plate geometry are obtained. The results are compared with some experimental data and
also with the quality level curves proposed in the PD 6493 document for fusion welded joints.

The outline of the fatigue life prediction method and defect analysis in ductile materials such as

themedium strength Al-Mg alloy 5083 is presented. COD and J integral data in this material is presented in
the temperature range -120°C to 200°C.

1. THE DAMAGE TOLERANCE METHODOLOGY

Damage tolerance or defect tolerance acceptance methods are quite extensively used in the aircraft
and aerospace industries. Many excelent reviews on the subject are available describing with some detail
the damage tolerance methodology applied to components and structures in the aircraft field(1,2,3).While
it is not the purpose of this paper to present the background of the damage tolerance it is important to
start with refer the most important parameters of the damage tolerance anaiysis. Thus, parameters such as

- initial flaw size and flaw distribution

- stress spectra

-~ stress distribution and stress concentration factors

- environmental conditions (temperature,level of corrosion, etc.)

- stress intensity factor formulation

- threshold and fatigue crack propagation data

- stress corrosion data

- service life and endurance

- inspection intervals

- fracture toughness data
are the basis of any damage tolerance prediction method.

In many advanced industries such as the aircraft industry a damage tolerance assessment program is
usually carried out either in the prototype stage of structural developement or in the early stages of the
structure life. The main objective of the damage tolerance assessment is to define structural life,opera-
tional limits and establish improved structural inspection requirements. An operational life in terms of
flight hours is previously defined and the structural life of the aircraft determined using Fracture Mecha
nics, should be greater then the operational life. A damape tolerance assessment program is normally car-
ried out in five stapes:

(1) Preliminary Damage Tolerance Assessment

(2) Initial Quality Assessment

(3) Stress Spectra Development

(4) Operational Limits and Inspection Requirements A
(5) Individual Aircraft Tracking Program el

Each one of these stages will now be explained with some detail. e

[n the Preliminary Damage Tolerance Assessment one selects and evaluates potentially critical strue- T
tural areas which could affect safety. Candidate critical areas are systematically identified and screen-
ed usine available stress and fatigue analysis data, service experience and nondestructive inspection da-
ta. Hence, the potentially critical structural items are identified, and to cach location an assessment is
made of its degree of criticality. The degree of criticality depends on several factors. For example there
are areas where a single Failure would result in the loss of the structure. These would be considered mo-
re critical than areas which could sustain a failure without loss of structure. Another important factor
is the inspectability. Areas more difficult to inspect are considered more critical than others. In pract-
ice it means that, due to economic reasons, these areas will be inspected less frequently and this must be
taken into account in the inspection intervals. Additional considerations affecting the depree of critica-
lity are:

~ material type and thickness

- strength and fatigue design margins .

- c¢rack growth rates B

- stress concentrations o

- load transfer

- service experience .

- test data ».
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Usually, after a detailed analysis has been carried out, only a few areas are judged sufficiently cri
tical to warrant detailed analysis.

The purpose of the Initial Quality Assessment is to assess the initial manufacturing quality of the
structure and to determine the maximum size of initial flaws that could be expected. A statistical distri-
bution of initial manufacturing flaws could be obtained using either

(a) analysis of nondestructive records of flaw shape, distribution and location obtained in the act-

ual or in a similar structure.

(b) analysis of crack propagation tests performed in selected parts of the structure

The nondestructive record analysis is comparatively straightforward to carry out, and only requires
a well qualified and trained operator and a extensive collection of records for the selected critical
areas. dowever NDT is not able to detect flaws with sizes below the values quoted in Table 1 (4)

However it is always possible to start the Fracture Mechanics with the assumption that an initial

flaw (with a size equivalent to the flaw detection limits) exists in the critical location, However, this
approach may not be adequate, due to all the factors affecting the detection limits. A better method(though
more expensive) iy to obtain  the sizes of the initial manufacturing flaws as outlined in (b). The proce-
dure is to fatigue test the selected component using a generally modified constant amplitude spectrum to
allow adequate fatigue marking. The crack then initiates and propagates to failure. A fractographic analy-
sis of the crack surfaces can reveal the initial size of the crack. After the initial sizes are obtained

in each location, the data is statistically evaluated. Often a log normal probability distribution is ob-

TABLE 1-Estimated variations in flaw detection limites by type of inspection (in mm) (in Pettit & Krupp,1974).

NDT Technique Surface cracks Internal flaws
Processing Fatigue Voids Cracks
Test specimens, laboratory inspection
Visual® 1.25 0.75 + +
Ultrasonic 0.12 0.12 0.35 2.0
Magnetic particle 0.75 0.75 7.5 7.5
Penetrant 0.25 0.5 + +
Radiography 0.5 0.5 0.25 0.75
Eddy current 0.25 0.25 + +
Prnduction part:, production inspection
Visual 2.5 6.0 + +
Ultrasonic 3.0 3.0 5.0 3.0
Magnetic particle 2.5 4.0 + +
Penetrant 1.5 1.5 + +
Radiography 5.0 * 1.25 *
Eddy current 2.5 5.0 + +
Cleaned structures, service inspection
Visual 6.0 12.0 + +
Ultrasonic 5.0 5.0 4.0 5.0
Magnetic particle 6.0 10.0 + +
Penetrant 1.25 1.25 + +
Radiography 12.0 * 4.0 *
Eddy current 5.0 6.0 + +

+ Not applicol'e. + Use with magnifer. * Not possible for tight cracks. (Based on 25~mm ferritic steel,
surface 63 RMS.)

tained and in such a case the plot schematically shown in Figure 1 shows the percentage of cumulative number
of flaws against its equivalent initjial flaw size. Assuming a certain probability of occurence and a given
confidence limit the maximum initial manufacturing flaw size can be obtained. This value defines the initial
quality assessment in the structure.

The Stress Spectra Development task consists of the development of baseline representative stress spec
tra to be used to obtain the operational limits and inspection requirements for the critical items identi-
fied in the Preliminary Damage Tolerance Assessment. The principal stresses are then computed for the criti
cal items and for each loading condition, The accuracy of the analytical stress equations can be checked
apainst stresces measured in service.

The Operational Limits and Inspection Requirements are established conducting crack prowth analysis
and tests for the critical areas selected in the Preliminavy Damage Tolerance using the results of the sta-
tistical distribution of initial manufacturing flaws and the stress spectra as the stress input. The opera-
tional limits are based upon conservative assumptions to prevent loss of the worst case situation. The ope-
rational limit is the service usage interval beyond which a potential failure of the unrepaired structure
conld result in a final or complete failure. "he operational limits for each critical item or location can
be calculated inteprating an appropriate fati,ue crack prowth rate cquation from an initial flaw size to a
critical crack size. The initial flaw size could be either the initial manufacturing {law size defined in
Fiaure 1 or the largest flaw with 2 certain shape that would remain undetected during fabrication of the
structure. The critical crack sizes are dependent on the residual strenpth of the structure which mav be de

fined on the basis of two requirements, hoth schematically defined in Figure 2.

ll ll
oty
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(a) the structure must be capable of sustaining design limit load
(b) the structure must be capable of sustaining the maximum load expected during the inspection period(e.g.
one half of the operational limit)

The crack growth rate data selected for the analysis should be representative of the material, thick-
ness, environment and stress ratio. The stress intensity factor formulation should be appropriate for the
shape and type of defect and loading mode. The crack integration model should account for variable ampli-
tude loading usually occuring in realistic service spectra and account also for crack growth retardation
phenomena (5). Different retardation models can be used for that purpose (5,6) and the cycle-by-cycle inte
gration process is the more commonly used. In this process crack growth is predicted based on accumulation
of increments caused by each load applxcatxon defined in the stress spectra and considering crack growth re
tardation. In some cases crack retardation is not considered if the currently applied load develops a plas-
tic zone to or past one previously developed (greatest elastic-plastic interface). Retardation is general-
ly taken into account if the current load develops a plastic zone smaller than the one which preceeded it.

The Paris (7) and Forman (8) crack growth rate equations are normally used in the crack growth compu=
tation.

The final element of the crack growth analysis is the determination of the critical stress intensity
or fracture toughness. Fracture toughness data should be obtained for the materials, thickness and tempera
ture of interest. Finally the crack length increments can be computed with the application of the stress cy
cles defined in the stress spectra and takxng into account the details mentioned before, The calculation
ends when the current crack length and minimum required residual strength load produced a stress intensity
equal to the fracture toughness. The number of cycles obtained in the calculation constitutes the opera-
tional limit of the critical location being considered.

The corresponding crack sizes to the inspection interval chosen can be calculated using the same pro-
cedure. This calculated crack size can then be compared with the size measured during the inspections and
therefore an assessment of component integrity can be done during the inspection period. If, for exam-
ple, the measured crack size in the location is greater than the calculated or expected crack size the com
ponent must be removed or repaired.

In the aircraft industry the Individual Aircraft Tracking Program 1is applicable to monitor damage in
individual aircraft. This turns out to be necessary because the operational limits and inspection inter -
vals are usually established for baseline usage and this varies from aircraft to aircraft. More details of
this method may be found in (9).

To summarise the individual points mentioned above the following diagram describes a typical damage
tolerance computational sequence

COMPONENT GEOMETRY
Crack location

Initial flaw size, a o’ and shape
ENVIRONMENT

MATERIAL PROPERTIES
. Chemical composition
. Heat treatment
. Tensile and cyclic data
. Fracture toughness data
. Stress corrosion data

LOAD SPECTRA
Constant amplitude
Block loading
. Frequency; stress ratio
STRESSES IN THE CRACKED AREA
STRESS CONCENTRATION FACTORS

K SOLUTIONS
.Tabulated values
.Finite element routines
AJ OR ELASTIC~PLASTIC
SOLUTIONS
.Tabulated values

FATIGIE CRACK CROWTH I)ATA -Numerical or analytical
da solutions
=f(AK,R) and (or) ~—~= f(AJ,R)

rHRPSHOID AKth
(RA(K (LOS[R[ DATA

CYCLE~BY-CYCLE NUMERTCAL
INTEGRATION

a. = a. +,da
i+l i (dN)i

and a., ¢ a
i S

DAMAGE TOLERANCE CURVES [ RESTDUAL STRENGTH CURVES
a=f (N,o) vl T f(a)
0 o= N . N
) f( ,10) . = f("c)
In the present paper two applications of the damape tolerance methodology, not specific of air~
craft structures, are described. The first one presents defect tolerance data for plate specimens and fil-
let{cruciform) welded joints of low and medium strength stecls, The second study includes only the fractu-
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re toughness data and the outline of an elastic-plastic fracture mechanics analysis both for the medium
strength Al-Mg alloy 5083.

2. FLAW ACCEPTANCE METHODOLOGY AND ANALYSIS IN WELDED JOINTS

Welded joints are quite extensively used in structural applications. For fatigue loading existing de-
sign codes(10,11) give a set of S-N curves each one applicable to a specific type detail and loading mode.
The influence of weld defects and plate and weld geometry is not taken into account in these design curves,
which are usually the lower bound of experimental results obtained for that type of weld detail.

In welded joints fatigue cracks usually initiate in stress concentration areas like the weld toe and
weld root. Since the initiation period is generally small fatigue failure is mainly a crack propagation
phenomenon occupying the total of the fatigue life.

In 1980 the BSI produced a document (PD 6493) (12) presenting for the first time a fatigue design me-
thodology for welded joints where an assessment of pre-existing planar or non planar defects could be made
using Fracture Mechanics methods. The technique is also applicable to estimate tolerable flaw sizes in a
weldment as function of endurance and stress level.

PD 6493 (1980) describes two methods for the fatigue assessment of defects. The first method is the
general fatigue crack propagation method refered above usingthe appropriate fatigue crack propagation equa
tion. Provided the stress intensity formulation is available the analysis is comparatively straightforward
for constant amplitude loading. For variable amplitude loading a linear damage law is assumed with no inter
action effects. Since this method requires some research and development facilities, which may not be avai-
lable for most of the users, the document describes a simplified method not requiring experimental data for
the analysis.

The simplified methnd assumes the Paris' law with a value of m=4 for the exponent valid for all struc
tural steels. This value m 1is the reciprocal of the assumed  exponent of the $-N curves in
UK codes for metallic construction (11). The value of C in Paris' law was adjusted to cover most of the
experimental data obtained in welded steels and both values of m and C are claimed to be conservative.Fi-
gure 3 shows the design S-N curves for welded steel and aluminium alloys. Similar curves are available for
stress-relieved steels.

Each curve in Fig.3 corresponds to a certain quality category ranging from Ql to QL0 where Qi is the
higher grade and Q10 the lower grade. The quality categories are related with initial flaw sizes not speci
fied in the document. Thus Ql curve is for an initial flaw size smaller than Q2, etc. For variable ampli-
tude loading an equivalent constant amplitude stress range may be computed and used in Figure 3. If the
constant amplitude stress range or its equivalent is known together with the predicted or expected number
of cycles the designer can get a point in the diagram of Figure 3 and therefore define the quality category.

The assessment of known defects may be carried out in a graphical form for both 97.5 and 99.57 survival
probability. Several graphs are presented for the most important types of defects including defects at the
fillet of weld toes. Surface and embedded defects are converted previously to equivalent "long" surface and
embedded defects with a straight crack front. A stress parameter S is computed from assumed values of a_ and
a_where a_is the equivalent initial or detected flaw size and Em is the equivalent defect size for unstable
fracture.

After computing the stress parameter S a quality category ranging also from Ql to QlO is defined for so-
me minimum values of this parameter. Table 1 gives the quality categories and the minimum values of S for as
received welds (without stress-relieved treatment).

Table 1 Values of S for 10° cycles for quality catepories (as-welded)

Quality S S Quality S S
category Steel Al-alloys|category Steel Al-alloys
(MPa) (MPa) (MPa) (MPa)

Q0 >248 =83 Q6 115 38

01 248 83 Q7 100 33

Q2 218 73 08 85 28

03 185 61 Q9 73 24

871 163 54 QLo 62 21

05 135 45

The defect is acceptable if the actual quality category obtained by this analysis(Table 1) is higher or the
same as the quality catepory required by the design conditions and defined in Fivure 3,

Both methods (the simplified and the general method) are also applicable to estimate tolerable flaw
sizes. The calculation is carried out in reverse order starting with the final crack size and working back-
wards to obtain the initial flaw size for the accounted number of desipn fatipue cycles., The defect size at
this stage is the tolerable initial flaw size.

fhe simplified method can lead to unrealistic results since some important parameters such as the crack
srowth equation weld wvomctrvand plate thickness are not taken into account in the analysis. In an attempt to
overcome tunese problems the simplified method of PD 6493 assumes conservative and uniform values of some va-
riables, as refered before, and that leads to siznificative errors in most practical cases.
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3. DEFECT TOLERANCE ANALYSIS IN CRUCIFORM JOINTS l
. w,

Stress intensity factor computations using finite element methods have shown that fatigue crack porpa- . :d

gation in fillet weld joints depends on the geometrical variables like weld size and angle, plate thickness z -

and the thickness of the attachment plate (13). Therefore an in-depth study of defect tolerance levels in
cruciform welded joints was required in order to assess the size effect, predict fatigue design curves as a
function of initial flaw size and compare these curves with the quality level curves of PD 6493 (Fig.3).
First a stress intensity factor computation was done using the finite element method. The results were used
inthe intesration of an experimentally obtained Paris'lawequation for low carbon and medium strength steels.
This led to theoretical S-N crack propagation curves funtion of weld geometry and initial flaw size which
form the basis of the defect tolerance analysis. Finally these curves were compared against experimental
.atigue data obtained in fillet welded specimens of medium strength steel St 52-3.

LA
1]
W N

STRESS INTENSITY FACTOR COMPUTATION

The details of the computation and also the stress concentration and stress intensity factor results
may be found in (14) and (15). Figure 4 shows the finite element mesh for the full penetration non load car
rying cruciform weld and Figure 5 is the sketch of the specimen refering the nomenclature used in the ara-
lysis. In this figure B is the main plate thickness, B, the attachment plate thickness, LG the weld leg
length and O the weld angle measured from the weld toe.

The mesh size shown in Fig.4 uses 2D eight node isoparametric elements with two degrees of freedom in
each node and produced good results compared with several analytical and numerical solutions used as test
cases having similar geometries as the joint in Fig.4.

Two loading modes were considered separately;an uniform tension, and cantilever bending both applied
through the main plate of the weldment. The stresses were obtained at the Gauss integration points of the
isoparametric elements and along lines 1 and 2 shown in Fig.5. The crack was assumed to propagate from the
weld toe along line 1 in the thickness directinn . Hence stress distribution plots were obtained along 1i
nes 1 and 2 and from those the values of the stress concentration ooefrizient at the weld toe, Kt’ were de~
rived from extrapolation of the stress distribution curve to the weld toe.

Table 2 - Geometrical parameters of the cruciform joint

i .
Blamy | B1(um) LG () | © Blam) | B1(um) Lﬁm)jo
|
4 10 5 26.57 24 10 and 5 J63.43
20
12 10 5 26.57 48 10 and 5 163.43
20
4 10 55 45 L2 10 and 2.545
! 2.5 20 and 10
i and 10
12 10 53 45 48 10 and 2.5 |45
i 2.5 20 and 10
i and 10
4 10 5 63.43 24 10 and 5 45
‘ 20
|12 10 5 63.43 48 10 and 5 45
20

The stress intensity factor was calculated using the Albrecht method (16). The basic equation is

K =M K' ¢V)]

where K' is the stress intensity factor equation for a similar geometry without the weldment and is the
stress intensifying factor which takes into account exclusively the stress gradient along the crack line in
duced by the weldment. The computation is then based on the stress values obtained along the crack propa

gation line (line 1 in Fig. ~5) but assuming that there is no physical crack along that line. To check the
accuracy of the method K values were previously obtained for other stress concentration geometries (plate
with a central hole in tension and V notch in a bar) and compared with K solutions obtained by the other ba

sic methods. The errors in K values only ranged from 1 to 2% and that indicated that the method was accura-
te enough.

No correction for elliptical crack fronts was applied since fatigue tests have exhibited shallow crack
fronts from the weld toe with values of the ratio {(a/ 2c) between 1/8 and 1/10.

K values were obtained for all the cases refered in lable 2. Tt was possible to fit with a pood corre-
lation a power law equation for the MK results in the form

" = p/ (a/m)? @
where p and q are constant functions of the loading mode and of the weld and plate geometry (B,B ,LG and O va
lues indicated in Table 2). The complete list of M, values may be found in (15), and typical plol of
against a/B is shown in Figure 6 for a joint where 0=450, B= 12 mm and B, = 10 mm. It is seen that M, decrea-

ses as the crack ratio a/B increases and approaches the value of 1 (no influence of the weldment) for a/B va-
lues close to 0.1. Also it is seen that M}§ increases with the weld leg length, but only with a minor increase

for bending. The results in Fig. 6 also show that MK is greater in tension than in bending and this difference
increases as a/B increases.




For a few randomly chosen cases in Table 2, MK values in tension and in bending were also obtained ap-
plying the Bueckner weight function method (17). Results of the Albrecht and the weight function method only
differed from 1 to 3% and hence the Albrecht method was applied to all the cases in Table 2 since less time
for computer running and preparation is required,

The main conclusions of the stress intensity factor computation are summarized below

(i) in cantilever bending K values are 20 to 307 less than in tension
(ii) K increases with the main plate thickness. However only a very small increase was observed for small
values of the ratio LG/B and B,/B
(iii) K increases with both weld leg length and weld angle, but only a slignt increase was obtained when the
attachment plate thickness was increased
(iv) For a/B values greater than 0.12 in bending and 0.2 in tension MK values are very close to 1 and hence
K=K'

DEFECT TOLERANCE ANALYSIS

Using the K equations the integration of Paris' law of the material was carried out. To simplify the ana
lysis only constant amplitude loading was considered. The values of m and C of Paris' law were taken as m=3.1
and C=1.33x10 '3 |N mm~ /z,mm/cyc1e| and these were obtained in previous fatigue crack propagation tests in
plate specimens of several low and medium carbon welded steels (14). These values are in agreement with usual
data for weldable steels.

The Paris' law for fatigue life in crack propagation is

_ da
N = £ s ea— 3)

i c (MKYamax/?E)m

Equation (3) was conveniently solved by numerical integration using Simpson's rule and an interval optimiza-

tion technique. Four types of relations were obtained: 6

- plots initial crack size against thichness as a function of LG, O and B1 keeping Nr = constant = 2x10 cy
cles and for stress values of 95 and 118 MPa

- plots initial crack size against Nr as a function of LG,O,B1 and B and for the same stress values as abo-
ve

- plots nominal stress rapge o against main plate thickness B for the values of LG,0 and B1 indicated in Ta-
ble 2 and for N_ = 2x10% cycles

- plots nominal stress range ¢ against N_( S-N plot) as a function of initial flaw size a; for the range of
thicknesses refered to in Table 2. r

A plot a against N_ is shown in Figure 7 to illustrate the combined influence of the weld angle O and
thickness B. An increase of weld angle and plate thickness lowers the tolerable initial flaw size for fatigue
failure. Fig. 8 is the plot nominal stress against thickness B where the data for all the cases given in Ta-
ble 2 was plotted. Line 1 is the upper bound refering to minimum values of O and line 2 gives the lower bound
of the results (higher values of © and B ). Thus to obtain fatigue failure in 2x10% cycles the value of nomi
nal stress and thickness should fall in Ehe shaded area represented in the figure.

The results showed that the S-N crack propagation curves could be plotted in the form of paralell bands
function of one parameter. Typical plots are shown in Figure 9a). for bending and Figure 9b for tension. In
this plot the initial flaw size was assumed as 0.2 mm (typical fabrication flaw size in a weldment) and the
S~N curves were plotted as a function of main plate thickness. Each band represented in Figure 9 includes the
results obtained with all the values of LG,B, and O indicated in Table 2.

The curves in Fig. 9 indicate that in bending thickness is the main geometrical parameter for fatigue 1i
fe. For low thickness values weld geometry has a minor influence in the position of the S-N curves in compari-
son with thickness (the bands of S-N curves are very narrow for thicknesses below 12 mm). However for higher
thickness values (>24 mm) weld geometry has a considerable influence in fatigue life (Fig. 9 a). In tension
(Fig. 9b) the effect of thickness and wcid geometry is not so important as in bending. Howeber in tension
higher fatigue strengths were obtained with the thickness of 100 mm exactly the opposite as observed in bend-
ing. Hence for low initial flaw sizes the thickness effect on the fatigue life of weldment is closely asso-
ciated with the stress gradient.

The quality category curves of the PD6493,are superimposed in Figs.%a, b. In tension categories between
Ql and Q3 fit in the theoretical curves for a.=0.2 mm. Quality categories below Q3 should give tolerable flaw
sizes above 0.2 mm. For example the results for initial flaw sizes between 2 and 2.4 mm fall between Q5 and
Q6 categories. Categories below Q7 refer to flaw sizes above 2.4 mm. In bending only the Ql category lies
within the band for the thickness of 100 mm.

The analysis presented above clearly shows that in cruciform welded joints the quality categories be-
low Q4-Q5 will only be obtained with initial flaw sizes outside the values usually found and accepted in
welded constructions. Bearing in mind that cruciform welded joints have the lowest fatigue strength it is
recommended that quality categories above Ql should be introduced in the document to cover fillet welded
joints in bending (Fig. 9 a), K joints and butt welded joints. Quality categories below Q5 should not be
recommended since the defect tolerance levels are too unsafe.

The theoretical results were compared with experimental S-N results obtained in St 52-3 medium strength
steel cruciform non-load carrying joints (14). The results are plotted in Figure 10 together with the theore
tical S-N curves for the same plate and weld geometry and for initial flaw sizes of 0.012mm, 0.3, 0.6 and
1.2 mm. The experimental S-N curves for the St 52-3 medium strength steel are considerable above the theore-
tical curves even for the lowest initial flaw size (0.012 mm). The difference is probably due to a crack
initiation phase in the long life region, (N > 10° cycles).Note that the theoretical S-N crack propagation
curves can safely be used in the fatigue design of these weldments (Fig.10).

Data contained in Figs.7 to 10 can be used to assess the fatigue life of cruciform joints as a function
of stress, thickness, weld geometry, loading mode and initial flaw size. Any particular set of values of the
se parameters can be selected to meet specific design requirements.Moreover feasibility analysis of fatigue
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failures in these joints, resulting from preexisting flaws, can be carried out applying the data and metho
dology explained above. A decision can then be made either to tolerate a particular flaw observed in the
weldment or to eliminate it by weld repair. In the latter case the defect should grow by fatigue to a size
that can affect the integrity of the structure.

4. DAMAGE TOLERANCE WORK IN THE AL-MG ALLOY 5083

The Al-alloy 5083 is a medium strength, ductile Al-alloy quite suited for structural applications at
low temperatures. Little work has been published on the fracture and fatigue behaviour of this alloy.Com-
parison of fracture toughness and fatigue crack propagation with those for high strength aluminium alloys
used in aircraft structuresisimportant andthis was one of the main objectives of the investigation. Since
ductile behaviour is observed in this material a computer analysis of damage tolerance will require the use
of elastic-plastic methods in the fatigue analysis. Consequently the applicability of parameters such as AJ
integral in the loading cycle, is being envisaged (18,19). Also a detailed investigation of short cracks in
the light of elastic-plastic fracture mechanics parameters was another objective of the work.

The chemical composition and mechanical properties of the 5083 Al-alloy are refered in Table 3. The
material was supplied in the normalized state(no HT) and in plates with 12 mm thickness. The tensile tests
were carried out in cilindrical specimens with 8 mm diameter taken from the longitudinal(rolling) direction
and transverse direction in the plate.

Table 3 - Chemical composition and mechanical properties or the Al-Mg alloy 5083

Chemical composition

Mg Mn Fe Ni Cu Zn Si Sn Pb Ti AL

4.5 0.55 |0.37 | <0.5 |0.12 | 0.10( <0.10 |<0.05 }<0.05}<0.05 |Balance

Mechanical properties

Longitudinal Transverse
direction direction

Hardness HRF 78 72

Oys (MPa) 179.7 159
{"urs (MPa) 320.8 34.1 0y = 0-2% yield stress
]
) o S—ultimate tensile
-cf(Z) 18.2 24.0 strength

K1 n1 369.9 0.129 379.4 0.156

K2 n2 609.8 0.253 616.6 0.276 1
{ correlation 0.997 0.9996 0.996  0.9998

coeficients

The monotonic stress-strain curve was approximated by two straigt lines in the logatitmic plot true
stress ¢ against true strain €. The equation of the curve is the power law 7 = K ¢ and the two values of
K and n (strain hardening exponent) for the longitudinal and transverse directions are given in Table 3.From
the results in Table 3 it is seen that this alloy exhibits considerable ductility namely in the transverse
direction. However more strength was obtained in the longitudinal(rolling) direction.

Basic cyclic data was also obtained. The S-N curves in rotating bending of plain polished specimens in
the rolling and transverse directions were determined. The equations were

logo=0.017(logN)2-0.27lugN43.26 (4a)
logo=0.015(logN) "-0.2410pN+3,16 (4b)

Strain cycling and load cycling tests are in progress to obtain the cyclic stress-strain curves, Coffin-
-Manson relations and cyclic creep or stress relaxation data.

COD data was obtained in the temperature range -609C to + 100°C, The specimens were three point bend
and taken in the LS and LT directions of the plate material. Fatigue precracked was carried out at room tempe-
rature and the dimensions of the specimen cross section were 12x24 mm for the LT direction and 12x12 mm for
the LS and LT directions. A typical plot applied vertical load, P against clip~gauge displacement Vg, at the
mouth of the notch is shown in Fig.ll. In all the tests failure occured past maximum load and hence consider
able ductility was observed with extensive shear lip formation. Maximum COD values, § were taken from the
graphs and the plot COD against temperature in the range -60 to 1009C is plotted in Fig.12. In this alloy
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COD tends to increase when the temperature is lowered and this effect is more noticeable in the LT direction.
The COD values are comparatively high (range between 0.1 and 0.35 mm).

Fractographic examinations with the SEM indicated two different failure modes respectively for the low
temperature and high temperature range. More details of the analysis may be found in (20).

Slow bend tests in Charpy type specimens 10x10 mm cross section were also carried out. To assess notch
sensitivity of the material one set of specimens was tested with blunt notches and in the other group of
tests the specimens had fatigue cracks with size a/w = 0.5. The tests were conducted in the temperature ran-
ge -600C to 90°C according to the ASTM specification E 812-81 (21). The measured specific absorved energy
per unit thickness U (area under the load deflection curve) is plotted against temperature in Fig.l13. A de-
crease in energy is aparent when the temperature increases from -600C to 0OC . Above 0°C the energy remains
practically constant. The LT direction is tougher then the LS direction and the U values are on average 807
higher in the LT direction than in the LS direction. For both directions considerably higher energy values
were obtained with the blunt noched specimens in comparison with the specimens provided with fatigue cracks.
Hence notch tc ,aness in this material should be evaluated with fatigue cracks.

Further COD and slow bend *ests areinprogressinthe temperature range-60 to -1209C and from 90 to 200°C
in order to clarify the observed trend of decreasing values of these parameters in the bottom ends of the tem
perature range.

The J resistance curve (J against slow crack growth Aa) was also obtained but at room temperature only.
The same type of specimens and dimensions were used as in the COD tests and the tests were conducted follow-
ing the ASTM specification E 813-81 (22). All the J data was analysed and linear regression lines were fitted
to more than 50 experimental points of J against Aa for both LT and LS directions. These J, Aa lines are plot
ted in Fig.l4. It is seen that at room temperature the J resistance curve for LT direction lies above the one
for the LS direction. Critical values of J,J were taken as 6.5 kJ/m? for the LS direction. The equivalent va
lues of critical K,Kc, could be taken as 21.9 MPa/m for the LT direction and 18MPa vm  for the LS direction.
The multiple specimen method and the single specimen method with unloading were used.

ELASTTC-PLASTIC FATIGUE ANALYSIS

For the damage tolerance analysis the computational sequence presented in 1 will be used. Since the 5083
Al-alloy has considerable ductile behaviour it is expected that an extensive range of fatigue crack growth ra
tes will occur under elastic-plastic conditions. Both the growth of short and long cracks can be described
using the AJ concept proposed by the author early in 1977 (23) and further developed in 1981(19). Fig.l5 is
illustrative of these operational definitions of AG and AJ in load cycling for a specified number of N load-
ing cycles. If local or extensive yielding is developed in the specimen and the crack is growing under an
elastic-plastic stress and strain field, AG and ’J are both given by the equation

Lo _ 1 dau _
0G = = g —g—— = &J (5)

where AU is the total accumulated potential energy in the specimen after N loading cycles and B is the thick
ness of the specimen.AG and AJ defined by equation (5) are operational definitions and for their determina-—
tion analytical or numerical solutions could be used provided each loading cycle is treated separately.

In Fig.15 a) AG is valid for a linear elastic material where the unloading lines of the fatigue cycles
converge to the origin. For an elastic-plastic material (Fig.l15b) the parameter is AJ and in load cycling of
a cracked specimen cyclic creep occurs and an accumulation of plastic strain is obtained in the specimen.Hen-
ce both strain hardening and cyclic creep behaviour of the material should be taken into account. The equa-
tion to calculate AJ after N loading cycles is

d(Aél + AOCC)AP AP d(AéeQ)

da * 2 da ®

A = -

o

where A6, is the extension at the point cf maximum load in the first cycle, 46 is the cyclic creep exten-
sion accumulated after N loading cycles and A8 is the elastic specimen extension due to crack growth only
(change in the elastic specimen compliance due to crack growth). It is assumed that due to plastic shake down,
after few cycles the loading and unloading paths are straight lines and hence the specimen behaves essentially
as an elastic body.

The displacement terms in equation (6) can be computed applying analytical numerical solutions. For a
few simple cases analytical AJ solutions were obtained (19,23). These equations were compared with the AJ
values directly obtained with equation (6) and where AU is taken from the experimental load deflection loops
in the specimen. Good agreement was found between the AJ values calculated by the two processes. The advant-
age of calculating AJ with equation (6) is to eliminate the need of instrumented fatigue tests.

1f AJ is the parameter controlling fatigue crack propagation then the fatigue crack growth rate should

produce a yood cerrelation with AJ. For ductile metals such as mild and low alloy steels a power law equation
of the form

da B

Le 2 7
an - ¢ N 7
was obtained in the range of da/dN values between 107" and 10_1mm/cycle. As shown in Figure 16 both linear
elastic data (AJ=K‘/E) and elastic-plastic data(AJ, equation 6) produced the same correlation with a signifi
cative ogverlap of data.

For the Al-alloy 5083 fatigue tests are now in progress to obtain linear elastic and elastic-plastic
data similar to Fig.l6. An extensive set of AJ solutions using equation (6) is being prepared and these will
be applicable mainly to the more important mode 1 component geometries in bending and tension. AJ applicabi-
lity to strain cycling, displacement cycling and also in the growth of very short cracks is being analysed.
The results will form the basis of a damage tolerance computer routine applicable to fatigue crack growth in
ductile materials where considerable life expectance could be obtained under extensive yielding or elastic-
plastic conditions.
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5. CONCLUSIONS

1. The results of an extensive study on the influence of plate and weld geometry in tolerable defect tole
rance levels in the fatigue analysis of welded joints of low and medium strength steels have shown that the
re is a need for the revision of existing assessment methods such as the PD 6493 presently used for the fa-
tigue assessment of defects in fusion welded joints.

2, In components made of ductile alloys such as the medium strength Al-Mg alloy 5083 the damage tolerance
analysis should be based in elastic-plastic fracture mechanics parameters. Fatigue life prediction methods
using these parameters were presented and discussed.

3. Fracture toughness data in the Al-Mg alloy 5083 was only validated in the temperature range-120°C to
200°C using elastic plastic fracture mechanics parameters. Maximum COD values tend to increase with the de
crease in temperature. Similar trend was observed in the specific absorved energy results in slow bend but
only from -600C to 0°C. J data in 5083 was also obtained at room temperature both for the LT and LS direc
tions in the plate materi§l. At room temperature the J values were 6.5kJ/m? for the LT direction and 4.5kJ/
m? in the LS direction. ¢
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FIGURE 4-Finite element mesh for stress computation

FIGURE 5-Nomenclature used in the analysis of the fillut weld
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FIGURE 10-S~N curves. B=12 mm. 0=45°, Bl=10 mm. LG=5 mm.
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FIGURE 1l-Load against clip-gauge displacement in a COD test.
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MANUFACTURING TECHNOLOGY FOR NONDESTRUCTIVE EVALUATION (NDE)
SYSTEM TO IMPLEMENT RETIREMENT FOR CAUSE (RFC)
PROCEDURES FOR GAS TURBINE ENGINE COMPONENTS

Donald L. Birx and Dena G. Doolin

SYSTEMS RESEARCH LABORATORIES, INC.
NDE Systems Division
2800 Indian Ripple Road
Dayton, Ohio 45440

SUMMARY

Systems Research Laboratories, Inc., with a team of subcontractors, has developed
an automated NDE inspection system to detect surface flaws and inclusions in jet engine
rotary parts. The system implements the Air Force Retirement for Cause philosophy in
which good, used engine parts are returned to service, and flawed components are retired
for cause. Emphasis has thus been placed on improving current flaw detection and
characterization techniques by using computer algorithms (removing the human decision
process) and achieving basic inspection and predictive capabilities via automated eddy
current and ultrasonic inspection techniques.

The RFC/NDE Inspection System includes both state-of-the-art and proven NDE
instrumentation and flaw detection/characterization techniques. The system is modular,
uses Standard communication interfaces, and has extensive computer capability to provide
for future expansion, upgrade and modification. Backup capability, maintainability, and
reliability have also been built into the system. Backup capability (50% throughput in
the event of any major module or peripheral failure) is assured through redundant
communication interfaces, inspection stations, and system computers. Maintainability is
assured through self-diagnostics, simplicity, and a design influenced by a factory
operating environment. Flaw detection reliability will be assessed using part specimens
containing representative flaw geometries, and flaw analysis techniques including
Least-Squares Log-0dds Mean Curve, Maximum Likelihood Estimator Log-0dds Mean Curve, and
Least~Squares Log-0dds 90/95 Lower Bound.

The RFC/NDE contract was awarded to Systems Research Laboratories, Inc., in
October 1981. During the first 2 years of the program, major effort was directed toward
organizing and coordinating subcontractor program activities, establishing the core
in-house project team, defining the inspection system's performance criteria and speci-
fications, and designing and fabricating the prototype inspection system.

In March 1984, the prototype system, which consisted of 1 eddy current and 1 ultra-
sonic inspection station, the operator console, and 1 system computer, was successfully
demonstrated to Air Force and subcontractor program participants. During 1984 and 1985,
SRL has performed an in~depth performance evaluation and system upgrade to meet production
inspection performance specifications. Initial system delivery to Kelly Air Force Base,
San Antonio, Texas, is scheduled for fall 1985 with system integration/implementation
activities scheduled to continue through the remainder of 1985. The RFC/NDE Inspection
System is scheduled to begin actual production operation in March/April 1986.

SYSTEM DESCRIPTION

The RFC/NDE Inspection System was designed per structured analysis methodology and
consists of an Operator Console, 2 System Computers, 3 Eddy Current and 2 Ultrasonic NDE
Inspection Stations.
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Figure 1. RFC/NDE INSPECTION SYSTEM




The Operator Console is a passive station used primarily to monitor the system's

l\‘v',j operational status, track the individual part inspections at the NDE inspection stations, :\
\H} and generate part inspection data reports. ™
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:- Figure 2. OPERATOR CONSOLE
ﬂx: The console has 4 color CRT displays functionally dedicated as follows. The Main

Menu is a command-driven display used to generate part inspection data reports and
graphic displays from previous part inspections. The Part/Defect Graphics Display
5 provides color displays of part inspection results as they are generated at the NDE
7 Inspection Stations. This display contains top- and side-view illustrations of the
S engine part with color-coded geometric flaw locations. The display also includes

. specific part inspection summary data such as relative flaw sizes and locations,
i~ inspection start/stop times, the cumulative number of part inspections, the date of
— inspection, and the part accept/reject decision. The System Diagnostic Display provides

-y a continuously updated operational status display of the inspection system including the
communication network, and the Inspection Status Display shows the current status of the
part inspections at each NDE Inspection Station.

.
]

The Operator Console also has a 2-way intercom system for communication with the NDE
Inspection Stations; a color printer/plotter for hardcopy color graphic print outs; and
a line-printer for part inspection data reports. The Operator Console's software resides
on the System Computers and all communication between the System Computers and the Operator
Console is done over an RS232 data transfer link.

‘2 'l
e

o

The dual VAX 11/780 System Computers provide the central intelligence for the entire
. RFC/NDE Inspection System. They perform advanced data processing, system-wide communica-
- tion, and sophisticated, high-speed mathematical and scientific data analysis critical to
- the inspection process. The primary tasks of the System Computers are part tracking,
’ Operator Console/NDE Inspection Station interface and communication, NDE data
cross-correlation, archival data base storagqe, system diagnostics, advanced signal
;- processing, RFC proprietary data analysis, and graphics processing.
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Each VAX 11/780 combines a 32-bit architecture, efficient memory management, and a
virtual memory operating system to provide essentially unlimited program space. The
VAX/VMS virtual memory operating system provides the multiuser, multiprogramming
environment critical to the RFC System's application. 1In addition, the VAX floating-
point instructions and accelerators, efficient scheduler, and FORTRAN-77 programming
language are ideal for the System's realtime and scientific computational environments.

The combined disk space for the dual-VAX configuration totals 1,446 MB. The
permanent on-line storage space has been dedicated to storing all archival data,
RFC~application software, and engine manufacturer proprietary data thus ensuring
ready-access and increased software security. The removable disks have been allocated
for part-specific scan plan software storage thus providing easy software update and
file expansion.

The dual-RS232 optical links provide the system-wide communication network between
the System Computers and the NDE Inspection Stations. This dual structure provides
enhanced system performance, increased data transfer rates, flexibility, and the
capability to map functional elements around failed components. The communication link
between the 2 VAX Computers is DECNET, and as stated earlier, a dual-RS232 serial link
provides the communication between the System Computers and the Operator Consocle.

The RFC/NDE Inspection System employs both eddy current and ultrasonic inspection
techniques to inspect the jet engine rotary parts. Ultrasonic. "squirter" technology is
used to detect volumetric flaws and voids, and eddy current is used for surface flaw
detection. The RFC System consists of 5 NDE Inspection Stations (3 eddy current and 2
ultrasonic). Each eddy current and ultrasonic inspection station consists of a mechanical
module and an instrumentation cabinet.

Figure 4. EDDY CURRENT INSPECTION STATION

Figure 5. ULTRASONIC INSPECTION STATION - -! .
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The eddy current and ultrasonic mechanical modules consist of an X-Y-Z axes mechanical
manipulator (manufactured by M&M Precision Systems, Inc.) and the following subassemblies:
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Figure 6. EDDY CURRENT MECHANICAL MODULE

CALIBRATION PLATE
ASSEMBLY

The eddy current module has 7 primary subassemblies which are mounted directly to
the base manipulator. The eddy current rotary scanner physically couples the probe to
the mechanical manipulator and electronically couples the flaw signals to the eddy
current instrument. The scanner has a C' drive mechanism for rotating RECHII probes up
to 1,500 rpm, an air plenum to supply air to the air-bearing surface probes, and rotary
transformers and specialized printed circuit cards for signal transfer and enhancement.

The calibration plate assembly consists of a metal riser upon which calibration
plates with known flaws are mounted. The calibration plates are used to do a 2-point
calibration of the eddy current instrument and an operational check of the probes prior
to and following a part inspection.

The rotary table/part fixture assembly clamps and rotates the engine part during an
inspection. The rotary table can operate in either a continuous rotation mode (at 0 to
20 rpm) or an index mode. The part fixture is a pneumatic system which automatically
clamps the part (either on the outer diameter or inner diameter as required) to the
rotary table.

The probe changer is a carousel assembly which holds up to 24 eddy current probes on
its outside diameter. The probe changer automatically indexes the correct probe into
position for retrieval by the mechanical manipulator. The bar code reader scans each
probe in the probe changer prior to the part inspection to ensure correct probe placement
by the operator.

The laser pointer is a low-power coherent laser which emits a thin beam across the
engine part after the part has been placed on the part fixture. The beam assists the
operator in properly aligning the part on the fixture prior to clamping.

The B-Z' assembly provides the robotic wrist action for the eddy current mechanical
manipulator. The B axis rotates in a sweep pattern parallel to the X axis and the 2'
provides a linear thrust motion on the B radial.

The ultrasonic mechanical module has 6 major subassemblies, 2 of which (the rotary

table/part fixture assembly and the laser pointer) are identical to the eddy current module.

»
\V

Figure 7. ULTRASONIC MECHANICAI MODULE
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The 4 subassemblies which are unique to the ultrasonic station are the calibration plate
assembly, the water pump/filtration assembly, the splash guard/drip tray assembly, and

£
",

-: the A-B axes gimbal assembly. The ultrasonic calibration plate assembly is mounted
.. inside the splash pan assembly and is used for squirter/NDT instrument calibration prior
:: to and after each part inspection. The block contains 4 interior voids that are 20 mils
‘j in diameter and 1/2 inch deep.
N

' The water pump/filtration assembly circulates and cleans the water during the

squirter inspection process. The splash guard/drip tray assembly fits around and under

(N the rotary table and catches the water used during the part inspection and returns it to
:{. the pump/filtration assembly.

.

The A~B axes gimbal assembly physically couples the squirter to the mechanical
manipulator and provides the mechanical robotic wrist action for the X-Y-Z manipulator.
The A axis has a 60° range of motion and the B axis has 130°.

E
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The ultrasonic and eddy current instrumentation modules are the inspection station
operator's control mecdule. Each module contains an inspection module computer, an
audio/visual alarm system, a color CRT display monitor, an operator pushbutton control
panel and auxiliary keyboard, an intercom system to the Operator Console, the mechanical
module's controller, and an NDE instrument.
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Figure 8. INSTRUMENTATION MODULE

The RFC System's eddy current and ultrasonic NDE instruments represent the most
advanced computer-controlled instrumentation available. The eddy current instrument is
the NORTEC NDT-25 with dual channel digital sampler. The NDT-25 is a computer-controlled
instrument with a frequency range of 10 KHz to 6 MHz. The ultrasonic instrument, the
SRL Model 1712A Computerized Ultrasonic Instrument (CUI), is computer-interfaceabln~,
and contains a microprocessor-~controlled, square-wave pulser, high-speed digital sampler
(55 MHz), and multibus-compatible receiver boards.

The inspection module computers provide local module intelligence and operator
communication for the NDE Inspection Stations. The computer is an Intel 86/380 micro~
processor which contains multiple Intel microcomputer boards for individual processing
functions (e.g., I/0, mechanical system scan control, and instrument control) and
specialized instrument boards. The Intel 86/380 System features a 32 MB Winchester
disk drive, 1 MB floppy disk, iRMX operating system, and 12 multibus card slots for
specialized user functions. The Intel 86/380 delineated functions, modularity, and
component board plug-in capability enhance modification, diagnosis, and repair of the
inspection module computer.

The RFC System's data acquisition module includes all probes and transducers used
for flaw detection, adaptive positioning, dimensioning and scanning. Advanced technology
that has been incorporated into this module include Southwest Research Institute's
air-bearing probes and ultrasonic squirter, NORTEC's RECHII probes, and SRL's ultrasonic
squirter.
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SUMMARY

In recent years a strong interest in the application of damage tolerance techniques for liiing of gas
turbine engine discs has developed. Before the damage tolerance approach can be safely implemented it
requires sensitive and reliable crack detection techniques, operational loading information and improved
knowledge of fatigue crack growth and fracture under service conditions. This latter aspect is the main
subject of an international test programme, in which a number of laboratories from North America and Europe
participate under AGARD coordination. The first phase of the programme is directed to test and specimen
standardization and calibration of the different laboratories. The second phase will specifically address
parameters relevant for real service operation like mission loading, sequence and dwell effects, tempera-
ture, fatigue threshold etc. The present paper will Jiscuss the background and first phase of the program-

me.

1. INTRODUCTION

During the last 5-10 years a strong interest in the application of damage tolerance lifing methods
with respect to gas turbine engine components has developed. While the damage tolerance design approach for
aircraft structures was already iIntroduced in 1970, and has been applied since then on a number of civil
and military aircraft, the damage tolerance design of engine components is only a very recent development.
Application of the damage tolerance approach with respect to disc lifing 1is now in consideration (and
occasionally applied). Also, a preliminary specification on engine damage tolerance requirements has been
developed [1]. However, no information on intial flaw assumptions and NDI requirements was available. This
preliminary specification has undergone many modifications and is now part of an overall specification
covering the entire engine. Tt is currently listed as MIL-STD-1783,

A damage tolerance design approach requires amongst other things a thorough understanding of material
fatigue crack growth under actual operating conditions. To address this problem an international test pro-
gramme has been set up in which a number of laboratories participate under AGARD coordination. The back-

ground and scope of the programme are reviewed below.

2. DISC LIFING METHODS

2.1 Safe life design

As Indicated above the damage tolerance approach is only in an exploratory stage. Most discs are still
designed based on the so~called "safe life" philosophy. In this respect "safe life" means that parts are
designed for a finite service life during which no significant damage will occur. In safe life design no
defects are assumed to be present in the new structure and no inspections are requivred during the design
life. After reaching the life limit the part is retired from service.

With respect to alrcraft eugine discs the safe life is defined as the number of cycles at which,
statistically, 1 of every 1000 components will develop a crack of 1/32 in (0.8 mm) surface length. This
crack size has been chosen because (see [2]) (1) at this size high cycle fatigue (HCF) crack growth under
vibratory conditions would not yet occur; (2) this crack size was, for existing materials, significantly
smaller than the critical crack size for rupture, and (3) a 1/32 in crack was cousidered to be the smallest
crack detectable in service (although the original safe life design approach does not implement inspec~
tions). The safe life desfgn of discs Implies that 999 out of 1000 components are rejected based on the
statistical probability of a crack without the .ctual presence of a detectable crack. 1t has been shown
{2-4] that owing to a large scatter in time to initiate and grow a crack to a detectable size, most of
these retired components still have considerable service life left. If components could be withdrawn from
service based on an actual crack then a much better usage of this inherent available life would become pos~
sible. This {s in essence the basis of the damage tolerance approach, which is visualised schematically in

figure 1.

2.2 Damage tolerance approach

In the damage tolerance philosophy the possibility of a crack or defect {n a new structure {s account-
ed for. The method {s based on the assumption that crack growth at every critical location can bhe predicted
under operational leading conditions. Inspections at regular intervals will screen out those componeunts
which have fnsufficient life to be returned into service, see figure 1. As can be seen from this figure the
ifnspection interval is based on the maximum allowable crack size in service a_, the minimum relfably de-
tectable crack size by means of NDI or other techniques, and the availability ofF crack growth data.
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From the foregoing it will be clear that some basic requirements should be met before the damage
tolerance lifing approach can be successfully implemented, see also figure 2:

- the operational load history of discs should be well known

- material crack growth data should be available for the appropriate loading conditioms

- NDI or other techniques should be available for a sensitive and reliable detection of very small
cracks.

In recent years considerable progress has been made in inspection capability. It has been claimed [5]) that
under proper Inspection conditions, working with well motivated people and very special equipment, cracks
of 0.015 in surface length and 0.005 in depth (0.375 x 0.125 mm) can be detected at the 90 % probability/
95 ‘% confidence level. At present, however, it seems more realistic to assume a crack detection capability
for cracks of at least 0.030 x 0.015 in (0.750 x 0.375 mm) [1J. In any event, NP1 reliability, also with
respect to the particular application, is an important factor in the damage tolerance lifing approach.

With respect to monitoring of operational load parameters several systems are presently in use, e.g.
AIDS and EUMS. Analysis of tnhe recorded signal in such a way that it can be used for an accurate life pre-
diction is, however, still in an exploratory stage. A considerable amount of work in this area is performed
in the Turbistan working group (which will report separately at this meeting) although with another incen-
tive: the development of a standard or reference load sequence for discs. Anyhow, operational load monitor-
ing and analysis is receiving increased attention.

The third basic requirement essential for the application of the damage tolerance philosophy is know-
ledge about material crack growth and fracture behaviour under operational conditions. This 1s the area to
which the present AGARD cooperative programme is addressed. Only limited information exists to date and
this information is restricted mainly to the engine manufacturer community. Tt would be extremely helpful
if, by a common effort of the engine manufacturers and users, more information could be gathered on this
subject so that application of new lifing procedures would become more nearly practicable,

3. THE AGARD PROGRAMME
3.1 Purpose and scope of the AGARD programme

An extensive amount of data and a basic understanding of material fatigue crack growth behaviour {is
needed before a damage tolerance lifing procedure can be adopted. Individual laboratories might not be
capable in performing such a task. A common effort of a number of laboratories would definitely result in a
broader data base, more confidence in each other's results because of standardisation of test procedures
and specimens, and improved knowledge and understanding because of interacting activities. With this in
mind a number of laboratories from Europe and North America decided to cooperate in this AGARD coordinated
programme, which is directed to "an improved definition and understanding of the problems of fatigue and
fracture in titanium alloy discs used in aircraft gas turbines" [6]. The ultimate goal of the programme is
the establishment of a sound basis for a damage tolerance philosophy applied to these components. Table 1
shows a list of all participating laboratories and their representatives.

3.2 Framework of the programme

The programme consists of a CORE programme and a SUPPLEMENTARY programme. The CORE programme, perform-

ed on the basis of a commonly accepted test procedure including specimen types, is meant for calibration
between the various laboratories. In this way it is possible to gain confidence in each other's results and
to derive the necessary test standardisation. The CORE programme involves LCF life and crack growth testing
on Ti-6A1-4V specimens under constant amplitude loading and room temperature conditions, see table 2.
The SUPPLEMENTARY programme, although not yet defined in detail, will address those parameters relevant to
real engiue operating conditions, spectrum load effects, major/minor cycling, sequence effects, dwell, HCF
threshold etc. Furthermore, different materials and/or temperatures may be considered. The SUPPLEMENTARY
programme in fact allows the various participating laboratories to direct thelr activities somewhat more to
their rwn interest.

3.3 CORE programme

The CORE programme test matrix is given in table 2. Testing 1is performed on 4 different types of

specimens (see figure 3), two of which are for LCF life and crack formation tests and two for crack growth
testing. The corner crack (CC) specimen is especially meant for crack growth testing in the "short" crack
regime. All specimens were machined from original Ti~-6A1-4V disc forgings taking into account that the
expected crack plane in relation to forging structure {s similar for both the specimens and the real disc.
A working document [7] has been prepared in which all test procedures are specified in detail. An {nterest-
ing aspect is that crack formation and growth is monitored by means of the potential drop (PD) technique.
This technique requires that a constant current i{s passed through the specimen and that the electrical
potential over the crack plane {s measured by two probes located on both sides of the crack, If the rela-
ticnship between crack length and veoltage is known (a4 calibration curve should be available, see figure 4
[8]) accurate crack length detection can be achieved. The advantage of the PD-method is that crack length
detection in a closed furnace 1s also possible and that automated data collection {s easily attained. Ad-
ditionally, the average crack length is determined instead of the surface crack length in the case of op-
tical measurements. Changes in crack front curvature are thus accounted for.
A possible set-up for fatigue testing and crack length measurement {s shown in figure 5. Note that apart
from the notch voltage a reference voltage is measured to account for temperature effects and current
variat{on. Thermoelectric effects and drift of the syst m are eliminated by taking the difference of two
measurements, one with current on, one with current off. An Instrumented corner crack specimen is shown in
figure h: note that for reasons of simplicity both the notch probe wires and the reterence wires were weld-
ed on the same edge. In the actual test programme, to prevent the occurrence of a reference potential
change due to crack growth, the reference probes are to be welded at a location at which the potential
field 1s not affected bv crack growth, e.g. at the opposite corner.
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The results of a preliminary test on the specimen shown in figure 6 are presented in figure 7. An actual
crack growth curve, i.e. average crack length a versus cycles N, might be constructed after calibration of
notch voltage versus crack length. For this purpose the average crack size is measured at two distinct
fracture surface markings, assuming the corresponding notch voltages to be known. The first marking has
been obtained by heat tinting, the second marking 1is the clearly distinguishable transition line between
fatigue and overload area (figure 8). The average crack length has been determined by taking the average of
5 readings; 2 at the side surfaces (the surface crack lengths), the other 3 at angles of 22.5°, 45° and
67.5°. This averaging method resulted in only a very minor difference from the real average crack length
obtained by fracture area measurement. The calibration curve is now obtained by drawing a straight line
through the two datu points (see figure 9). The straight line assumption is justified based on figure 4 and
the actual z/W value of about 0.014. Figure 9 also shows the relation between the notch voltage and crack
size if measured optically at the specimen surface during the test. This curve indicates that the optical
measurerent underestimates the average crack length as used for the calibration curve. The reason for this
effect is the crack front curvature at the specimen surface, see figure 8. This example clearly illustrates
the advantage of the PD-method for crack length determination over the optical method. In addition, the
PD-method sensitivity {s very good. Our current system (figure 5) allows changes in crack length to be de-
tected with better than 5 im sensitivity.

. CONCLUDING REMARKS

The application of the damage tolerance philosophy with respect to disc lifing requires sensitive and
reliable NDI techniques for crack detection, knowledge of the operational loading conditions and a thorough
understanding of tatigue crack growth characteristics. The present AGARD programme addresses the last
subjert. The first phase, the so-called CORE programme, is aimed at standardisation of test procedures and
specimens and calibration of the participating laboratories. The potential drop technique is used to allow
ter very accurate crack detection and growth measurement. The second phase of the programme, the SUPPLEMEN-
(ATY programme, wiil address various parameters relevant for real service: major/minor cycle effects,
spectrum loading, sequence effects, dwell, temperature, HCF threshold etc. This programme is yet to be
defined in detall.

S. REFERENCES

11 CUHL Cook, HLEL
AFWAL=TR=-81-045,

on and C.FE. Spaeth, Damage tolerant design {or cold section turbine engine disks,

LU0 SLAL scatter and 1LT. Hill, Design of jet engine rotors for long life, paper 750619 presented at SAE
Alr Transportation Mecting, Hartford 1975,

Che LG, Annds et ul, Gas turbine engine disk retirement for cause: an application of fracture mechanics
and NDE, ASMF-80-CT-127.

Lol ¥.1. Reed, DT, Hunter and R.T. Hill, LCC evaluation of advanced engine damage tolerance goals for a
hot section disk, ATAA-83~-1407

{5: 1.0, Cooper and D.M. Fornev, Increased inspuection requirements for critical air force engine compo-
nents,  paper presented at the Air Transport Association Non-destructive Testing Forum, Phoenix,
September 1982,

{hl ALILAL Mom, Proposal for an AGARD coordinated international test programme on damage tolerance in
titanium alloy engine dises, NLR, Amsterdam 13-9-1983,

E7) AL0 AL Mom, Working document for the AGARD Cooperative test programme on titanium allov engine disc
material, NIR TR 840.2 L.

L8] M.AL Hicks and ALC. Pickard, A comparisun of theoretical and experimental methods of calibrating the
electrical potential drop technique for crack length determination; Int. Journ. of Fracture, 20, 1982,
pp. 1=101,




‘l.’

a,

RN
. “h

MO IACERR A

9-3

TABLE 1
List of participating laboratories and their representatives

North America AFML, Dayton, USA C. Harmsworth

NADC, Warminster, USA R. Mahorter

NAE/JRC, Ottawa, Canada D. Raizenne *

NASA Lewis, Cleveland, USA M. Hirschberg

QETE, Ottawa, Canada M. Bright

University of Toronto, Canada D. Hoeppner
Europe CEAT, Toulouse, France A. Liberge

IABG, Ottobrunn, Germany J. Foth

NLR, Amsterdam, Netherlands A. Mom *

RAE, Farnborough, UK C. Gostelow

Rolls Royce, Derby, UK R. Jeal

University of Pisa, Italy A. Frediani

* programme coordinators

TABLE 2
Overview of CORE programme; number of specimens indicated for each
individual laboratory. All tests at room temperature

Type of test LCF life / crack formation Crack propagation
Test specimen Smooth flat notched corner crack ASTM CT -
cylindrical Kt ~ 2.2

Number of specimens 6 6 3 3

potential - + +*) +
drop
CRACK

DETECTION | optical +

GOAL only initial "short" crack | total
crack formation range da/dN -
AK curve
*
= optional

.
.
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h
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ASPECTS OF SMALL CRACK GROWTH

M.N, James and J.F. Knott
Department of Metallurgy and Materials Science
University of Cambridge
Pembroke Street
Cambridge CB2 302, England

SUMMARY

This paper addresses the nature of small defects which occur in engineering comp-
onente and structures, and their subsequent growth to a size detectable by nondestructive
inspection techniques. Consideration is given to fundamental aspects such as the modi-
fying influence of residual stresses and "crack closure" on the growth of small cracks.
Possible differences between laboratory test data and in-service crack growth are high-
lighted. Practical aspects are illustrated with specific reference to the example of
the safety-critical high pressure turbine disc of an aerocengine.

1. INTRODUCTION

It is now well recognised that small pre-existing defects are an inherent feature
of engineering components and structures. They may be formed as a direct result of
material forming and fabrication techniques, or may be an adventitious result of careless
transportation or handling. The sizes of such defects may range from the order of
microns, for metallurgical inhomogeneities such as nonmetallic inclusions, to several
millimetres for the case of welding defects such as slag inclusions or heat-affected-zone
(HAZ) cracks. Over the majority of this range of crack sizes the major portion of the
fatigue life is spent whilst the crack is smaller than the nondestructive inspection
(NDI) limit, as illustrated in Fig.l. It is therefore convenient to define the upper
bound of the small crack problem to correspond to the general NDI limit of around 0,5 =
1,0 mm.

The importance of the small crack regime in fatigue is apparent in Fig.l, and it is
appealing to apply the principles of linear elastic fracture mechanics (LEFM) and, in
particular, the defect tolerant design approach to this area. There are, however,
certain practical and fundamental difficulties in extending fatigue design codes to
include such small cracks. The practical difficulty relates to the NDI sizing limit.
Many highly stressed components contain defect populations whose upper bounds are
considerably lower than O,5mm. This implies that, unless the upper bound on initial
defect size can be determined by a feature of process contrcl, e.g. by the mesh size
employed in a powder metallurgy route, initial defect sizes cannot be quantified.
Egqually, estimates of the residual fatigue life of a component cannot be made until the
crack has grown to a size that may be uncomfortably close to the critical failure size.
Although in certain situations NDI may be able to detect surface-breaking flaws of
perhaps O,2mm, the above remarks still apply to very high strength materials with a
correspondingly low defect tolerance.

The fundamental difficulties arise primarily from two factors. The first is that of
applying LEFM to the high stress situations which usually characterise the growth of
short cracks. A basic tenet in the use of LEFM is that applied stresses should be well
below the yield stress and that the extent of crack tip plasticity should be small
compared with crack size and component (specimen) dimensions. Associated with this is a
possible "noncontinuum" aspect to crack tip plasticity when the crack size is small
compared with some microstructural parameter. 1In this situation, secveral studies have
indicated that the size of the crack tip plastic zone may then be determined primarily
by the microstructure, rather than the applied stress intensity factor [1]. The second
difficulty derives from the experimenta® observations of growth of short cracks at values
of the applied stress intensity range (4K) well below the conventional "long crack”
threshold value (iKgp). Such growth may occur at rates several orders of nagnitude
greater than might be expected from a supposedly conservative extrapclation of the Paris :
law regime to include low stress intensity valucs. It can then be inferred from such .
behaviour that in-service component failures could occur at a fraction of the expected -——
lifetime. This emphasises the importance of understanding the arowth of small cracks.
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such as the modifying influence of residual stresses and "crack closure" on the arowth S
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exarple of the safety-critical high pressure turbine disc of an acroengine.

2. NATUKRE OF SMALL LEFECTS

The size and type of defect in a metallic preduct, and its initial stress state,
reflect the processing route followed in its manufacture. In cast-to-shape products
viical defects include poresity, shrinkage cavities, sand or s«laa entrapment Jdue to

abrasion of the nmould surface by the metal flow, and solid nonmetallic deoxidation
products.  Although very high quality castings can bhe produced for small components such
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as gas turbine blades, castings generally contain a relatively large defect population.
Probably the most important class of crack initiating casting defects are shrinkage
cavities, which exist as essentially stress free geometric discontinuities with a wide
range of sizes (up to lmm or more in large castings).

For applications other than aeroengines, it is important to note that some casting
alloys, designed to reduce macroscopic shrinkage, may contain phases of low density
(graphite in cast iron; silicon in aluminium alloys) in the form of flakes and needles.
These could be as deleterious as shrinkage cavities.

In cast-and-wrought products, the inclusion distribution represents the major class
of aefects. In addition to size and morphology, the chemical composition of inclusions
is also of significance with respect to the growth of short cracks. Inclusions that are
plastic at hot working temperatures, such as low-oxygen manganese sulphide inclusions in
structural steels, can be rolled out to produce thin, crack-like platelets. Such
inclusions can act as useful crack arresters in some orientations and significant crack
initiators in others. Similar effects have been observed in stress-corrosion tests made
on Al-Zn-Mg alloy forgings and extrusions where there is marked "pancaking" of grains [2].

The presence of inclusions also gives rise to local residual (or "tessellated")
stresses on cooling, as a result of the strains produced by the differences in coefficients
of thermal contraction between inclusion and matrix. Oxide or silicate particles contract
less than a steel or nickel-base superalloy matrix, so that the inclusion is in compression.
A weight function analysis shows that the net value of stress intensity due to the
residual stress field is compressive, even for a crack of surface length twice the radius
of a cylindrical inclusion [3]. The conclusion to be drawn is that it may be necessary
to apply a tensile stress of at least the magnitude of the residual stress to provide a
driving force for crack growth, even if the inclusion is already cracked. Such behaviour
could induce a "fatigue limit" in the material, which would be expected to vary with
temperature because this controls the value of mismatch strain between inclusion and
matrix. The sign of such residual stresses, as well as their magnitude, can change with
the chemical composition. In the case of manganese sulphide inclusions in steel, for
example, a bonded inclusion would experience tensile strains.

A process route which appears to be particularly attractive for nickel-base super-
alloys, to attempt to overcome segregation problems associated with the conventional
cast-and-wrought route, is the hot isostatic pressing (HIP-ping) and forging of atomised
and sieved metal powder. This route is in use for the production of high pressure
turbine discs in aeroengines. In general, the powder is uniform and surface oxidation is
minimised, but it is possible for small refractory particles to be scoured off the mould
and pass through the sieve to become mixed in with the metal powder [4}. The sizes of
such particles will depend on the mesh size of the sieve (and the number of sieving
operations), but are likely to be in the range 0,1 - O,2mm [4]. The situation regarding
residual tessellated stresses for these defects is similar to that for the oxide and
silicate particles in cast-and-wrought alloys. Hipping and forging are carried out at
high temperatures (in the range 1000 - 11509C), so that any mismatch strains are
acconmodated by plastic flow and diffusion: on cooling to lower temperatures, differences
in thermal expansion coefficients again produce residual stresses.

With respect to defects introduced by fabrication techniques, it is probable that
fusion welding is potentially able to produce the greatest variety of defects in metal-
metal bonding. Included amongst these defects are solidification cracking, slag entrap-
ment, lack of fusion and HAZ cracking produced by hydrogen up-take. The problem of
treating small cracks at welds is compounded by the presence of residual stresses in the
joint and, for fillet welds, by the stress gradient at the weld toe. Both sets of
stresses can, however, be treated using suitable weight functions.

In conclusion, it is important to recognise that, although some defects may be
initially essentially stress free, many defects are subject to residual elastic stresses
which may be a substantial proportion of the materials yield strcss. Such stresses are
likely to influence the initial growth of cracks from defects and must be taken into
account in realistic analyses of short crack growth.

3. SMALL CRACK GROWTH

When the growth of a fatigue crack from some small initial defect is analysed using
LEFM parameters, different types of behaviour may be observed over the first millimetre
or so of growth, as illustrated in Fig.2. 1In all cases, there is an initially high
growth rate at AK values well below the conventional long crack threshold. The growth
rate may then decrease to a minimum (or even arrest) as 4K increases, before increasing
again and joining the long crack growth curve. For tests employing constant values of
maxXximum cyclic stress and stress ratio (R) 2K may be replaced on the abscissa by crack
length. The "short crack regime" can then be defined as existing for that range of crack
sizes which exhibit enhanced growth rates relative to longer cracks. Such anomalous
growth behaviour has been observed in many materials including steels [5-7], aluminium
alloys {8}, titanium alloys (9,10], nickel~base superalloys [11,12] and cast aluminium
bronze [13].

Enhanced growth rates may be observed when:

1) Cracks are comparable in length to the scale of local plasticity. This is partic-
ularly the case when the crack is growing in a region of bulk plasticity, e.qg. at a
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notch root (see Fig.2), but can also occur when the crack is affected by the size of its
own plastic zone. Such behaviour may in some cases be normalised by the use of a more
appropriate fracture mechanics parameter, such as the J integral or crack tip opening
displacement [14].

2) Cracks are similar in length to some microstructural dimension. This is essentially
a breakdown in the homogeneous continuum requirement for the application of fracture
mechanics [13]. This is likely to be more prevalent in coarse grained materials which
exhibit very crystallographic growth.

3) Even when the crack is "long" in terms of microstructure and local plasticity,
enhanced growth rates have been observed for physically short cracks, say less than 0,5 -~
1,0 mm. This has been proposed to be due to a breakdown in the similitude concept of
LEFM [15].

Similitude implies that two different sized cracks subjected to equal applied stress
intensity values, in a given material/microstructure/environment system, will have plastic
zones that are equal in size and have identical stress and strain distributions along the
elastic/plastic boundary. The crack growth rates are then expected to be equal. Fracture
mechanics parameters such as AK, however, define the nominal, applied, mechanical "driving
force" for crack extension, since AK characterises the applied stress and strain fields
ahead of the crack tip, whereas crack growth rates must reflect the local effective
driving force at the crack tip. Conditions that affect this local driving force can
therefore lead to a violation of similitude and subsequent anomalous growth behaviour.
Local plasticity and noncontinuum behaviour can produce loss of similitude, but it may
also arise from changes in crack growth mechanism and crack closure.

Several authcrs have proposed that changes in crack closure are the cause of
observed short crack behaviour [6,7,9,11), and it has become increasingly apparent that
closure is a major variable in fatigue crack growth, especially at near-threshold growth
rates at low stress ratios (R < 0,5 - 0,7). One method of accounting for effects of
closure on crack growth is based on the use of an effective stress intensity range (AK ff),
defined as K ax where K is the stress intensity at which the crack tip opens.
This definitTo8 assuﬁes that R can be determined accurately. If the schematic data in
Fig.2 were plotted versus LKeff, the discrepancy between short and long crack growth
rates, for most materials, would generally be reduced or, in others, such as quenched and
tempered steels, eliminated.

Effects of crack closure, microstructure and plasticity on short crack growth may
either act independently or in conjunction. It would therefore be expected that the
extent of the short crack regime in a given alloy would vary with factors such as: heat
treatment, which affects microstructure and yield strength; maximum stress intensity in
the fatigue cycle, which could influence the retarding effect of grain boundaries [16];
and, independently, the minimum stress intensity {(stress ratio) which determines the
magnitude of the closure effect. In closure dominated situations short crack behaviour
disappears at high stress ratios [7].

The effect of heat treatment is clearly demonstrated in two studies made on 0,4%
carbon steels [17,18]. James and Smith [l7] studied a quenched and tempered 0,4% carbon
steel with a ferrite grain size of 1lO.m. They observed no microstructural dependence of
growth for small cracks, with Stage II1 growth being established very early in life (see
Fig.3). Enhanced growth rates were found for cracks whose surface length was less than
100.m. The short crack effect was explained by changes in closure. 1In a study of a
normalised O,4+¢ carbon steel with a prior austenite grain size of 140um, however,

De Los Rios et al (18] observed microstructurally-dependent growth with cracks arresting
at ferrite/pearlite interfaces. Short crack behaviour was observed for cracks with
surface lengths in the range 200 - 300.m, which corresponded to the lengths of ferrite
allotriomorphs in which the cracks had initiated.

Crack retardation at microstructural interfaces is one explanation for the initially
decreasing growth rates shown schematically for short cracks in Fig.2. This decrease
occurs despite the fact that 'K, for constant amplitude loading, is increasing steadily
as the crack length increases. This observation has bcen attributed to two factors [19].
The first is the difficulty in propagating slip across an interface, which may give rise
to an incubation period, depen 'ing on the type of the interface, e.g. high angle grain

boundary or interface with a second phase. The second factor is a nossihle increase in
closure stress as a crack tip crosses an interface, caused by increased "noncontinuum"
crack tip plasticity due to slip extending to the next interface. In a closure dominated

situation the decrease in growth rates can be perceived as arisinag from an increase in
closure stress (i.e. a reduced "Kgrr) which more than offsets the increase in applied
stress intensity. As the closure level approaches that of a long crack the increase in
closure stress tapers off and the growth rate increases towards the long crack curve.

Several interesting facets of the bLehaviour of short cracks are shown in recent work
by Hicks and Brown [12] on several aluminium, titanium and nickel-base alloys used in the

aircraft industry. The nickel-base alloys tested were Astroloy with arain sizes of 5um
and 50.m, and single crystal specimens of SRR 99, Apparently, for initial ceoarsening of
jrain size short crack growth rates increcasod, relative te thnte for 1ong cracks, but for
the extreme of a single crystal specimen closer correspondence was obtained between short
and long crack behaviour, as seen in Fia.4., 1t is likely that a sinale crystal specimen
provides ceontinuum conditions down to very small crack lenaths. Short crack cffects are
then limited in extent as they will arise only from closure chanaes due to a limited
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crack wake and, at very short crack lengths, from plasticity effects. The data also
indicate that crystal structure, which controls the mode of slip, may be used to rank
the resistance of metals to short crack growth and that, within a particular crystal
structure, increases in elastic modulus and yield strength further improve the crack
propagation resistance.

It is clear from the above discussion that the prediction of short crack behaviour
in a particular alloy is rendered difficult by the possibility of complex interactions
between plasticity, microstructure and crack closure. Such data as those of Hicks and
Brown [12] and Morris et al [19), however, indicate that there is considerable potential
for developing more defect tolerant microstructures. This requires careful research
programmes aimed at separating out the effects of the various factors which influence the
growth of short cracks.

A further complication in studying short crack behaviour derives from the type of
crack used in such work. Although many workers have considered semi-elliptical cracks
15,7,9,12], a significant number of studies have utilised through-thickness cracks [6,20].
These two types of crack are generated under very different loading conditions. Short
through-cracks are generally obtained by machining away part of a crack produced under a
load shedding or constant 8K testing scheme, to leave a through-thickness crack of the
desired length. Short semi-elliptical cracks, however, are usually generated under
increasing AK conditions at stresses near, or above, yield. A stress relief operation
may then be employed prior to subsequent testing. James and Knott [21] have recently
critically examined the effects of these two crack generation techniques on the extent of
short crack behaviour. Load shedding and constant AK techniques both lead to the
development of considerable plasticity induced closure well behind the crack tip, as
demonstrated in Fig.5, in both plane stress {22] and plane strain [21]. The length of
crack wake which experiences "wedging" can be as much as 1-2mm. When part of the wake
is removed, to produce short through-cracks of length less than the original "wedged"
length, Kop is reduced and enhanced growth rates are observed during subsequent testing.
The extent of the apparent short crack regime is then merely a reflection of the length
of crack wake which contributed to closure during precracking. Effectively, the behaviour
of such short through-cracks is the same as that of long through-cracks in which part of
the wake has been removed by, say, electrodischarge machining [6,21] (see Fig.6). Crack
growth under increasing AK conditions, however, appears to confine wake "wedging" to much
smaller lengths directly behind the crack tip. Semi-elliptic surface crack tests
conducted under increasing AK conditions should therefore furnish a more accurate
estimate of the extent of any short crack behaviour in a particular alloy.

Surface cracks are, however, often generated by high stresses close to, or even
exceeding, vield and are then stress relieved at relatively low temperatures {(around
600°C). 1Initial fatigue crack growth could thus occur in the presence of significant
plasticity, and there is then the possibility, at least for steels, of the incomplete
removal of such plasticity during the stress relief treatment. Residual wake plasticity
could then dominate short crack behaviour either directly, by inva  "dating the use of
LEFM, or indirectly by contributing to the premature build-up of c . sure to a "long
crack" value. An incorrect assessment of the extent of the short cr.ck regime could
result from this effect. The authors are currently examining this possibility, in QIN
(HY80) steel, through a comparison between the behaviour of semi-elliptic surface cracks
either initiated at inclusions by high stress, or initiated at low stresses by a novel
application of hydrogen charging. This technique appears to have considerable potential
in work on small cracks, as many natural cracks at welds are produced in a similar way.
A typical hydrogen induced crack about 140um deep and its final shape after subsequent
threshold testing are shown in Fig.7.

4. DEFECT TOLERANCE IN TURBINE DISCS

Due to its rotational speed and mass, the high pressure disc of a gas turbine is
generally considered to be the most safety-critical aerocengine component. The fatigue
cycles of concern are the major "take-off/landing" cycles, in which the disc is stressed
in parts virtually to its proof stress. Current powder metallurgy nickel-base disc
alloys have 0,1% proof stresses of around 103 MPa, and a correspondingly low defect
tolerance (4] as indicated in Fig.8. Considering the specific case of Astroloy, a useful
depiction of short crack behaviour is that originally due to Kitagawa and Takahashi (23],
shown in Fig.9. It represents the stress required to cause fatique crack growth for a
given crack length, and relates to threshold and endurance limit data. The crack lengths
corresponding to the NDI limit, the onset of short crack behaviour [12] and the process
control limit (sieve mesh size) are indicated in the figure.

It is clear that the initial defect sizes lie in the range where enhanced growth
rates have been observed and that the entire short crack regime lies inside the NDI
detection limit. The situation will be worsened by the high operating stresses
experienced by the disc. Fig.4, based on data from laboratory test specimens, indicates
that short crack growth rates will be at least an order of magnitude higher than an
extrapolation of tne linear growth rate regime would indicate. It is therefore
instructive to examine the criticality of the initial defect size by applying a fracture
mechanics crack growth analysis to the disc material.

The linear regime growth rate law for long fatigue cracks in Astroloy is [24]:

da/aN = 4 x 10712 ax33
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and this will apply to cracks as small as O,25mm. Assuming that the applied stress

range is equal to the proof stress {about 102 MPa), and that the final defect size is
0,8mm after a life of 104 flight cycles (25], equation (1) can be integrated to obtain

an estimate of the allowable initial defect size. This process indicates than an initial
surface defect would need to be only about 70um deep to produce this growth, while the
critical diameter of a penny-shaped buried defect would be about 100um. This could causec
concern on two counts; firstly the fact that the maximum size of initial defect which
could pass through the process control sieves might be twice this size; secondly that
the above analysis did not consider any enhanced growth rates in the initial portion of
the life, when the crack was smaller than 0,25mm.

In actuality, experimental results from spin~-rig testing of discs [4) suggest that
the above fracture mechanics approach is somewhat pessimistic, as seen in Fig.l10.

A possible explanation for this apparently contradictory short crack behaviour,
compared with Fig.4, could be the local tessellated stresses around the refractory
particles in the powder disc alloy. These particles would not be crack initiation sites
in the laboratory specimens used to obtain the data in Fig.4. As discussed in an earlier
section, such stresses will exert a clamping force on the fatigue crack during the
initial stage of its growth from the inclusion. This could then lead to the "fatigue
limit"” type of behaviour seen in Fig.l1lO.

The conclusion to be drawn from this is that a thorough analysis and understanding
of the factors influencing the behaviour of small fatigue cracks is required, before
experimental data acquired from small laboratory specimens can be reliably applied to
service situations.

5. TESSELLATED STRESSES AROUND INCLUSIONS

As described in previous sections, the cooling of a powder-formed, nickel-base
superalloy from the hipping or forging temperature is likely to generate local residual,
or "tessellated", stresses around refractory inclusions as a result of differences in
thermal expansion coefficient between inclusion and matrix. 1In this section, we attempt
to show how the presence of such tessellated stresses could affect the early growth of
short cracks and introduce an effective "fatigue limit". The approach followed is to
load a hypothetical crack emanating from an inclusion with the residual stress
distribution arising from the tessellated stresses, using ar appropriate weight function.
A similar method has been used with success to treat fatigue crack growth throughout the
regions of residual compressive stress in autofrettaged gun barrels [26] and in regions
of compressive stress in centre-cracked plates, where the residual stress was induced by
indentation of the plate surfaces with rollers of length W/2, located centrally above and
below the crack {27].

For an isolated inclusion in an infinite body, the circumferential stress at a total
distance, r, from its centre is given by the following expressions [28]:

for a spherical inclusion:

= . = - 3 3
9y P ; m p(ri /2r3)
where p = B8/ [{(1 + vm)/ZEm) + {((1 -~ Zvi)/Ei)]
for a cylindrical inclusion:
= . = - 2702
94 p' %m p'(r.l /x4)
where p' = B8(1 + vi)/ [(1 - 3“1)/Ei} + {(1 + vm)/Em}]
and g = (am - ui) AT for both types of inclusion. In these equations, the radius

of the inclusion is r., suffix m refers to the matrix, suffix 1 refers to the inclusion,
E is Young's modulus, v is Poisson's ratio, a is the thermal expansion coefficient and AT
is the difference in temperature between the hipping/forging temperature and the
operating temperature.

A crack emanating from a spherical inclusion is ideally "penny-shaped": if it has
radius a, it is loaded by a compression oy = p between o and rj, and a tension op =
- p(ry3/r’) between r; and a. If a > r;, the weight functions may be integrated to give

f ; ir
stress intensities as follows:

K, (compression) = 2(vra)-)i J(ri pr (a? - rz)—!5 dr
o
= 2p (ra)”™% fa - (a? - riz)%)
K, (tension) = (na)-)’/a - pr;? (a? - £2)7% ¢ ar
r

i

- p (na)”" (r;2/a?) (a? - riz)!5

The net stress intensity (for a » ri) is given by Ky = Ky K,.
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For the specific geometry a = 2r1, the result is that K, is given by:

K, = p(ra)"¥ (2(2- V3 - /3/4} r

3 i

0.051 p n"% a® = 0.051 p v ¥ (2r)"

i.e. the net stress intensity is still compressive. A similar result is obtained for
the cylindrical inclusion [3]. For a crack of length 2a = 4r; growing symmetrically
from the centre of an inclusion, the compressive component is:

r
K, = zp-(zri/n)5 f 1 (4r;? - r2)”¥ ar
[o]
= (prd3 (2nr))*

Between ry and 2r1, the tensile component is:

Ky = —2pv(2ri/ﬂ)5 ;'2ri (riz/rz) (4r; 2 - r2)"% ar
r
i
= -pr;/2m*
The net stress intensity K6 = K4 + Ks is then given by:
Kg = plra)® {(1/3) - (/3/2m)
= 0.058p'(ra)¥ = 0.058p" (27r,) "

Again, the net stress intensity is compressive.

For forging temperatures slightly over llOOOC, the value of AT may be taken as 1100°¢C
for the cold part of a disc and 500°C for the high temperature part. For a pure alumina
inclusion, E; = 390 GPa, vy = 0.25, a; = 8 x 107°, [28] and for a typical superalloy
matrix, Em = 200 GPa, vy = 0.29, op =13 x 106 at room temperature [29,30]. For a
spherical inclusion, the value of p is then calculated as 1220 MPa at room temperature
and 555 MPa at an operating temperature of 600°C: for a cylindrical inclusion, the
figures are 970 MPa and 440 MPa respectively. We see that the presence of the residual
stresses can then induce a "fatigue limit", if sufficient tensile stress has to be
applied either to overcome the pressure or to produce positive values of stress intensity.
The order 3f magnitude of this "fatigue limit" is comparable with the material's yield
stress (l10° MPa) in agreement with the data shown in Fig.lo. Differences in the value
of p can be obtained for average values of op (20 x 107°) and for different inclusions,
e.g. mullite (3A1,04.25i05) for which E; is 145 GPa and aj is 5 x 10-%6 [31)]. If a fatigue
limit due to tesselgated stresses does exist, it will be important to study inclusion/
matrix combinations in detail to relate local stress levels to the precise values of
fatigue limit observed.

6. CONCLUSIONS

This paper has drawn attention to a number of general aspects pertaining to short
crack growth and to factors which produce differences in the growth rates of long and
short cracks at the same nominal stress intensities. There is clearly a range of
extremely small cracks in which behaviour is dominated by noncontinuum, microstructural
effects. For larger defects, continuum fracture mechanics would be expected to be
adequate, but the paper points out that most real defects, or short cracks studied in
experimental tests, are not simply geometrical discontinuities, but are associated with
residual stress fields, generated by plasticity (e.g. in the "wake" of a long crack) or
by elastic fields due to surface hardening or differential thermal expansion. The last
case has particular relevance to powder-formed discs and a possible method of analysis is
proposed. The general point is that any assessment of the growth of small defects must
simulate the local stress fields that exist around the defect in service and this demands
a detailed knowledge of the microstructure, in addition to the use of weight function
techniques to calculate the effects of the local stress fields on the stress intensity
ahead of a small, growing crack.
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Demonstration of the establishment of a Stage I1 crack at a very small size in
a quenched and tempered 0,4% carbon steel [17]. The stress axis is indicated
by the arrow. Initiation occurred at a subsurface alumina inclusion whose size
was equal to the bottom of the "trough" in the central portion of the crack.
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Short crack behaviour in two nickel-base alloys, after Hicks and Brown [12].
The SRR99 data is for single crystal specimens, while the Astroloy had grain
sizes of 5.m (FC) and 50.m (CCG). Coarsening the arain size in the Astroloy
gives rise to a larger difference h:etweon short and lonag crack hehaviour, due
to the higher thresheold observed fcor the lona cracks in the CG material. In
the extreme of a single c¢rystal specimen closer correspendence was obtained
between short and long cracks.
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ii Fig. 5 Demonstration of the possibility of closure well behind the crack tip, in a - .
; simulated load shedding testing scheme involving a sequence of sawcuts from :

a notch in a sheet of polycarbonate (21]. The residual stresses in previous

plastic zones reduce the width of the cut, as indicated by the arrows. Both

. cuts were made by the same saw.

EOM Siot

Closure

Lot

al b) cl
. Fig. 6 Preparation of short through-thickness cracks.
- a) the initial long through-crack, generated under a load shedding or constant
“K scheme, will experience closure well behind the crack tip.
b) removal of the majority of the crack wake, to produce a short through-crack,

decreases the crack tip opening load and thus reduces the influence of
closure in subsequent fatigue cycling.

c¢) the equivalent situation can be obtained by removal of the majority of the
wake of a long crack by, say, electrodischarge machining (EDM}.
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Fig. 10
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Depiction of the relative positions of the short crack regime and NDI detection
limit for Astroloy. The process control defect size is also shown, and the
plot relates to threshold and endurance limit data. The data indicate that
short crack effects should be of importance to crack growth in turbine discs,
and that the situation is likely to be worsened by the high operating stresses
experienced in service.
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powder metallurgy Astroloy with 150.m defects: a comparison of the fracture
mechanics life estimate (growth rate data from laboratory specimens) and the
fatigue life observed from spin-rig tests. After Wildgoose et al [4]. A
possible explanation for this observed difference could be that local residual
("tessellated") stresses around refractory inclusions, in the spin-rig discs,
exert a clamping force on the fatigue crack.




CRACK GROWTH IN NEAR-ALPHA TITANIUM ALLCYS

C R Gostelow
Propulsion Dept, RAE Pyestock
Farnbcrough, Hants, UK.

1.0 INTRODUCTION

Ever since the first gas turbine aero engine entered intc service there has been
pressure to develop more powerful yet more efficient and lightweight units. To this end
manufacturers have endeavoured to increase overall pressure ratios and maximum cycle
temperatures whilst trying to limit engine size by using materials having higher
strength-to-weight ratios and higher temperature capability.

Twe main material approaches have been followed in order to help meet these

reguirements. These are the develcpment of high-strength, high~temperature capability
nickel pase superalloys for extensive use in the turbine and the replacement of heavy
steels and nickel alloys in the compressor by advanced lightweight titanium alloys. The
latter apprcach was the driving force behind the develcpment in the UK of a unique range
of creep-resistant near-alpha titanium allcys suitable faor use up to EGO°C.

The ot jectives ¢of this paper are:
1. to describe how a variety of parameters can influence the crack growth
characteristics of near-alpha titanium allays, with particular reference to the UK alloy
IMI6R5;

2. te assess the relevance of these latoratory data t¢ actual engine operation.
7 F

1.1 THE CDEVELOPMENT OF . CREEP RESISTANT TITANIUM ALLOYS

tnhe UK philosophy has been to utilise as much titanium ac possible for rotating
cemponent s, and this has necessitated the zontinued development of a series of high

temperature creep-resistant alloys. FISURE 1.

In the mid 1950's the beneficial effects of zmall silicon additions on creep
ternaviour were patented and exploited in the alpha+teta alloy IMI 550.
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To achieve their optimum properties near-alpha alloys depend on fast quench rates
and a fine transformation product. In practice very fast rates cannot be achieved through
thicker sections, and what is called "basketweave" microstructures normally result
(FIGURE 2a). In very thick sections, or if the quench rate is too low, a more aligned
structure can occur. In this non-preferred "aligned" microstructure the transformation
product is a set of plates with crystallographic symmetry between adjoining plates. A
prior beta grain can then act as a single crystal of hcp microstructure (FIGURE 2b}).

The relatively large grain sizes associated with beta heat treated near-alpha alloys
are compared to other alpha+beta alloys in FIGURE 2(c).

Much of the recent development work on near-alpha alloys has been aimed at
controlling the prior beta grain size which, for thick section IMI865, can be up to 2mm.
In the case of IMIB29 grain sizes of 0.5mm are typical of the maximum found in
components. The more complex alloys now available, such as IMI8B834, reduce this still
further to levels more typical of the alpha+beta alloys.

2.0 CRACK GROWTH BEHAVIOUR OF IMIé8S

Much early work on fatigue crack growth concentrated on long cracks, it being
assumed that the growth laws obeyed continuum mechanics such that long crack data could
te extrapolated to short cracks.

Such an approach breaks down when the crack spans only a few grains, but for most
non-aercspace materials this is of only academic importance.

For beta processed titanium alloys, on the other hand, a few grains could contain a
crack 10 to 15mm long. Crack growth from an initiation site to this length might well
form a significant part of the calculated fracture mechanics life. This has led to an
increased interest in the behaviour of short cracks.

2.1 THE GROWTH OF LONG CRACKS
2.1.1 The effect of microstructure.

It has been shown that quenching at different rates gives rise to different
micrestructures in the material. The effect of microstructure on room temperature crack
prcpagaticn at a frequency of 1Hz is illustrated in FIGURE 3. Although the actual
differences seen between the basketweave and aligned microstructures are not large, they
serve tc illustrate the fact that microstructure is a relevant variable which cannot be
ignored.

It should alsc be noted that, as the cooling rate through a thick section can vary,
so can the crack growth rate.

For completeness a line for the alpha-beta heat-treated alloy Ti-6Al-4V is included
on the Figure. This shows the significant improvement that can be obtained by beta heat
rreatment .

o

.Z. The influence of frequency and dwell on lcad.

When IMI6S85 is slow ceoeoled *o give an aligned microstructure, little difference is
seen In the crack propagation rate at 1Hz and 1C0Hz. A similar result is obtained with an
air ¢ocled, basketweave, microstructure.

when dwell on lcad i3 applied there is a significant and detrimental effect on the
- o

Crack prcpasation istance of the sliow cooled material. This is illustrated in FIGURE
4, where the effecrt ct' a S-minute hclid on load can, under some circumstances, lead to an
crder of magnitude increase in the measured crack growth rate.
Similar effects on thic svale are nct seen in cther, preferred, microstructures.
Ever in the slow-200led aligned microstructure, dwell effects dicappear at
cve atout 12770 e sFY ) well below the normal operating temperature of

Lamperatures oy

2 resistant titanium allioys,
The effect of dwell on luad appears 1o be mere noticeable at the higher stress

irntensity levels, the 1Hz an' dwell data coming topether at a stress intensity cf abous

V
R .m-i/2. For mest situations crack growth at stress intensity levels above about 20
soczants for little of the expectad [ife, and thus dwell on load may be of little

rrazcical relevance. 7t ig, however, ancther reminder to ensure that the testing teing

coordunted repreduces the fallure mode coon in ooomponient 2,
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Z.7.3 The effect of R ratio

Most crack propagation tests, and the majority of components, are cycled at R ratios
(minimum stress/maximum stress) at or Jjust above zero. If the mean load is raised whilst
maintaining the range constant, such that the R ratio increases to 0.5, an order of
magnitude increase in crack propagation rate is observed in aligned IMI68S (FIGURE %).
Simliar effects are also seen in basketweave microstructures.

The significance of these results is that they can be rationalised by invoking the
cincept of crack closure. Plastic deformation associated with crack advance can induce
closure loads that hold the crack faces together. At high R ratios the minimum stress is
zuch that the crack iIs open for the whole cycle. At low R ratios the crack remains closed
for part of the cycle, thus reducing the effective cyclic stress range. The low R ratio
results are thus an underestimate of the growth rate for a given effective stress.

In a compenent notch plasticity and other geometric effects can also affect the
closure load, making the prediction of crack growth rate, and thus life, difficult.

Z.1.46 Effect of environment (Agqueous Salt)

Titanium is known for its good corrosion resistance, and is widely used in both
chemical and desalinisation plants. That its crack growth behaviour is significantly
affected by aquecus salt may thus come as a surprise. In practice the effect of aqueous
salt on all but a few titanium alloys 1s to cause enhanced crack growth above a certain

threshold cyclic stress intensity level. This is illustrated in FIGURE 6 for aligned
IMIBgs,

In no titanium alloy investigated has Kic been influenced by environment, but the oL
cnset of sustained load cracking, Kiscc, is. Additionally it is observed that enhanced - o
cyclic crack growth occurs at lower stress intensities than predicted by Kiscc, a figure : )
of 2/3 Kiscc being appropriate for most alloys.

Stress corrosion cracking is associated with static failure modes and as such is a
functizon of the maximum stress intensity in the cycle, rather than the stress intensity
range.

It is, however, useful to remember that environment rarely affects crack growth
tehaviour at lower stress intensities. As such the effect on overall crack propagation
iife of a component will normally bte small,

N

.5 fatigue threshelds

lculating the crack rropagation life from a flaw or small crack the majority
is taken up by the crack growing at very lcw stress intensity levels.

ing lcng crack data obtained at guite high crack growth rates down to these
will predict a finite crack growth rate at all levels of cyclic stress intensity.

+here is a lcwer level of cyclic stress intensity, the fatigue threshold,

crack propagation does not appear to coccur. This is analogous to the fatigue

¢ and aligned structures in IM1685 (FIGURE 7).
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The understanding now available on the role and nature of short crack growth
demonstrates the problems that can arise when crack propagation data are extrapolated
beyond the limits of experimental variables; something that could preclude the derivation
of a "universal" approach to damage tolerant design.

3.0 CONCLUSIONS

Many of the crack propagation features that were believed to be problems in
near-alpha, beta heat-treated titanium alloys can be shown to be of little significance
for component lifing. In particular the effect of dwell on load is only of importance in
non-preferred microstructures and at cyclic stress intensities greater than around 20
MN.m-3/2, that is at stress intensity levels above which any reasonable 1ifing scheme
would have re jected the component.

Environmental effects are also only of significance at faster crack growth rates,
where little residual life is left in a component.

Operational experience has demonstrated that beta processed alloys can be used with
confidence as disc materials, and has led to the development of the higher temperature
alloy IMIB29 (Ti-5331S) and to the latest in the line, IMI834. In both these alloys the
material development process has had a two-fold objective; to achieve enhanced
temperature capability and to restrict grain growth during thermo-mechanical processing.

Finally, the creep resistant titanium alloy story is one that has many implications
for damage tolerant design. In particular it illustrates that when any major advances
are made .in a material's strength or temperature capability, by microstructural,
compositional or processing route, it is dangerous to assume that design rules, data
extrapolation techniques and predictive methods found viable for preceding materials will
necessarily apply to the new development.
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FIGURE 2.

Typical titanium alloy microstrucrure
(a}) VFPast-cooled "basketweave" IMI685,
(b) Slow-cooled "aligned" IMI685.

{c) Alpha+Beta Ti1-6Al-4V showing
finer grain size.
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FIGURE 4.

Effect of dwell on load on crack growth
of aligned IMI685.{(from Evans & Gostelow)
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FIGURE 5.

Effect of aqueous salt on crack growth
of aligned IMI685.(from Gostelow & Weaver)
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Effect of mean stress on crack growth
of aligned IMI685.(from Gostelow &
Watt)
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Crack growth threshold behaviour 1in
aligned and basketweave microstructures
in IMI685.(from Hicks, Jeal & Beevers)
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MESURE DE LONGUEUR DE FISSURE, DEFORMATION ET ENDOMMAGEMENT
PAR UNE TECHNIQUE DE POTENTIEL ELECTRIQUE
par Humbert Policella, Georges Baudin et Georges Cailletaud

Office National d'Etudes et de Recherches Aérospatiales (ONERA)
92322 Chdtillon Cedex (France)

RESUME

Cet article fait le point sur une nouvelle utilisation de la mesure du poten-
tiel électrique et ses applications aux mesures de longueur de fissure, déformation
et dommage. En premier lieu, nous présentons 1'appareillage Electronique développé &
1'ONERA dont la caractéristique principale réside dans l'alimentation de 1'éprouvette
en courant pulsé. Deux types d'applicatlion sont ensuite présentés. Le premier type
d'application a été effectué en fissuration sur de nombreux essals bidimensionnels
pour des matériaux et températures différentes. Une extension de la méthode a égale~
ment été appliquée 3 des fronts de fissures tridimensionnelles. Dans une seconde pha-~
se, nous avons supposé que la valeur du potentiel électrique sur un solide soumis 3
une sollicitation, &tait la somme de trois termes, respectivement dus 3 la déforma-
tion élastique, plastique et au dommage. Des applications ont &té effectuées sur un
acier AISI 316 3 température ambiante, un INCO 718 3 650°C et un IN 100 3 900°C et
1000°C. Nous avons déterminé des valeurs de déformations plastiques et de dommage,
comparées ensuite 3 d'autres types de mesure.

CRACK GROWTH, STRAIN AND DAMAGE MEASUREMENTS USING AN IMPROVED POTENTIAL
DROP TECHNIQUE

SUMMARY

The paper deals with an improved version of the potential dron technique and
its applications to crack length, strain and damage measurements. We present first
the electronic device, developped at ONERA which supplies the specimen with a pulsed
current. Two types of applications are then presented. In the first type several
tests have been conducted on two-dimensionnal cracked specimens, made of different
materials at different temperatures. An extension of the method has also been made to
three dimensfonal crack fronts. In the second type we have supposed that the
potential drop in an uncracked strained solid was the sum of three terms,
respectively due, to elastic strain, plastic strain and damage. Applications have
been performed on AISI 316 steel at room temperature, INCO 718 at 650°C and IN 100 at
900° and 1000°C. The plastic strain and damage determined with the P.D. technique
are then compared with the ones measured using others methods.

I - INTRODUCTION

Dans la plupart des structures utilis@es sous sollicitations mécaniques (cycliques ou non), i1 peut se
produire au cours du temps une détérioration lente de certaines parties de celle-ci. Cette détérioration se
manifeste le plus souvent par une apparition irréversible de défauts (microvides , microfissures) dont la
croissance 3 terme entrafne une diminution de la résistance mécanique. Ce processus que l'on définit sous
le terme de dommage est difficile 3 quantifier aussi bilen du point de vue calcul que du point de vue expé-
rimental [1], [2]. Le probléme se pose ensuite de définir la dimension du défaut, de maniére 3 connaftre
son évolution et permettre une utilisation de la structure dans les mémes conditions de sécurité. De plus,
la connaissance de la dimension du défaut peut &tre une donnée pour un calcul de prévision sur la dure de
vie restante de la structure [3], (4]. On peut classiquement séparer le processus en deux phases distinc-
tes. La premidre phase, 1iée 3 la mécanique de 1'endommagement concerne les micro-défauts consécutifs &
1'apparition de microvides de l'ordre de quelques microns, situés aux joints de grains et répartis d'une

fagon homogéne dans le matériau.

La seconde phase se rapporte plus généralement 3 la mécanique de la rupture pour 1'étude de fissures
supérieures 3 1 mm, avec un domaine de transition, celul des fissures dites “"courtes” (0,1 3 1 mm) od la
nécanique de la rupture s'applique mal.

Nous nous proposons d'étudier les deux aspects sous un angle expérimental, en définissant une manilre
de séparer les problémes. Plusfeurs méthodes peuvent &tre utilisées [5] pour la détection de défauts et
leur progression, les plus employées actuellement sont

- les ultra-sons

- les courants de Foucault

- la méthode électrique (Potential Drop Technique PDT)
- les rayons X

- la photographie Infrarouge.

Toutes ces méthodes présentent des avantages et des inconvénients selon les cas d'utilfsation. Nous f - :
avons cholsl d'utiliser et de perfectionner la méthode électrique [6], [7], parce que cette méthode, de . 9
mise en oeuvre aisée, est largement utilisée dans la plupart des laboratoires d'essais. En conséquence, - L
nous présentons successivements les perfectionnements que nous avons apportés & la méthode électrique et LY
1'ppareillage qui en est résulté, 1'application 3 la mesure des fissures (8] et, enfin, quelques I
extensions de la méthode, en particulier pour la mesure de 1'endommagement.
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IT - DESCRIPTION DE L'APPAREIL
11.1 - Rappels sur la méthode électrique classique

Par principe, la méthode de mesure ne s'applique que sur des matériaux conducteurs &lectriques. Le
principe de base blen connu, consiste 3 falre circuler un courant &lectrique d'amplitude constante dans une
&prouvette isolée &lectriquement et 3 mesurer la tension qul en résulte entre deux points od 1'on désire
observer le phénoméne (9] fig. la. L'apparition d'une fissure et sa progression entrafnent une &volution de
la tension mesurée et un &talonnage préalable permet dans le plupart des cas, de connaftre la longueur et

suivre de fagon continue la progression de la fissure.

2y ep .

Eprouvette

e -
F

g. 1a) Principe de la méthode électrique.

Imax = 20ms
Courant
1
1} i -
M1
Y |
Sorve | tm2 ’- !
amplificateur l ! '
| H :
20ms ! ! Ry2 ] )
1
]
Signal I
mesure AV =Vi-ov2 .

Fig. 1b) Principe de la mesure

Commande ], Retard
courant |

Signal force ieull T —7/ t
o~ ~
|
|
| ‘ i
! |
]

Imax

Courant
0

Fig. 1¢} Synchronisation de 1a mesure

Fig. 1 — Principe de mesure du systéme utilisé.

Cette méthode comporte toutefois quelques inconvenients lors de son utilisation. En effetr, 1'appli-
cation d'un courant continu important peut dans certaines conditions provoquer des phénoménes
électro-chimiques, ce qui peut en interdire son utilisation dans les &tudes de fissuration sous corrosion.
De plus, des précautions sont 3 prendre pour atténuer au maximum les effets de thermocouple. Enfin, le
signal de mesure ayant une trés faible valeur doit &tre amplifié, et cela pose alors le probléwme du bruit
et de la stabilité de 1'amplificateur.

I1.2 - Perfectionnements apportés
Le principe de fonctionnement de l'appareil décrit sur la figure l.b est le sulvant

- Le courant est injecté dans 1'éprouvette sous forme d'une impulsion d'amplitude constante Im et
d'une durée d'environ 20 ms, temps au bout duquel le potentiel électrique est considéré commz établi. La
tensfon de sortie V4 de 1'amplificateur est alors mémorisée analogiquement puils le courant s'annule.

- Exactement 20 ms plus tard, une deuxiéme mémorisation Vz intervient. On dispose alors de la tension
AV . Vi -V, exempte de tout parasite quasi-statique, qui est la valeur cherchée. Ces opérations se
répétent eunsuite 3 chaque impulsions de fagon continue. Le niveau des bruits de fond parasite est atténué,
d'abord en limitant la bande passante de l'amplificateur 3 100 Hz, puis par les deux mémorisations décalées
de 20 ms qui éliminent pratiquement les parasites dus au secteur (de période 20 ms). Enfin, un dernier fil-
trage de la tension de sortie AV permet d'obtenir une sensibilité de O,\}LV pour un temps de réponse de
1 s. Une autre caractéristique importante de cet appareillage est de pouvolr synchroniser les impulsions,
donc la mesure, avec le cycle de chargement en cours d'essai. La synchronisation s'effectue 3 1'aide d'un
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seuil, déclenché par le signal force de la machine d'essai, et d'un retard réglable fig. l.c. La mesure du

potentiel peut ainsi intervenir 3 force constante ou 3 force maximale, dans le cas de fissures trés ouver-

AR

tes.

o

III - APPLICATION A LA MESURE DE LONGUEUR DE FISSURE

I1I.1 - Etalonnage obtenu par une expression analytique. Cas bidimensionnel.

Un des exemples d'application les plus courants est celuil ou 1'&prouvette prend l'une des formes sim-
ples indiquées sur la figure 2 et ol les conditions d’alimentation assurent une densité de courant cons-
tante dans les secticvns "8loignées” de la fissure. Dans ce ces, 1'étalonnage est donné par une expression

analytique {6]

) Via,d) = (A

L o-2 K& (rd/2w)
. x Cao (R a/2w)
| |

- AL y

(2)

. s a W B -
W el -

y 4
l ) |
2d 2d . . )
| ¥ Fig. 2 — Méthode électrique : cas de calcul possible.
T o ) ' . Formes do’éprouvettes. a) Panneau en traction. b/ Panneau
‘ ‘__7'3_,1 2 ! 3 e en traction. c) Eprouvette flexion.
‘ |
. 2N 2W
} |
a 2d b)
—- a .
—- I =
I % — 4 w >
- -
- —
c)
V (ald) : tension mesurée

longueur ou demi-longueur de fissure

: demi-distance des prises de potentiel

largeur ou demi-largeur de 1'&prouvette

=

: facteur de proportionnalité homogéne 3 une tension et tenant compte de la densité de courant,
- de la résistivité et de l'amplification.

-
Q = P

- La fonction AL paramétrée en d/W est représentée sur la figure 3 ol 1l'on voit que la sensibilité est
T d'autant meilleure pour les fissures courtes que la distance d est petite.

! U T
’rd/W =1 j
. ~0.9
S
2 0.77 /L
06 //

, 05
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y 15 03T 7
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Fig. 3 ~ Représentation de 13 fonction U. | /
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La procédure habituelle pour éliminer o( est de tirer la valeur CL de 1'expression :

) Vo dy . M (a.d)
Via.,d) AL (a,,d)
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. étant la longueur initiale de la fissure au début de 1l'essal. Or, la précision sur d peut poser un
probl@me surtout lors d'essals répétitifs. Pour éliminer cette incertitude &ventuelle, unous proposons la
procédure suivante, en remarquant que Il (0 ., W) =1 .

- Avant le départ de 1l'essai, une mesure préliminaire est exécutée avec des prises de potentiels dis-

tantes d'une valeur 2 d ¥ = 2 W, 3 1'aide d'un calibre par exemple figure 4. Nous rappelons cette mesure

Voes (référence) qul est en falt la mesure de o :

%) V(o,w) = o = Vg

- La mesure V \G'.,d.), nous permet alors de déterminer indirectement d au travers de l'expression A
(Q' étant supposé connu d'une maniére précise comme le résultat d'un usinage) :

() A- & (z&\%) = Cao(;t—-;")- h [ll (a,,d)]

® U(a.d) = Vie., d)
Vaer

2d }V {a)

! ”

Fig. 4 — Eprouvette de flexion. Mesures initiales
Veeret V (ag).
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Pendant 1'essai, la longueur de fissure (A est déterminée 3 partir de la mesure Vi@ ) :

(7) -\—l-(.a) ) . d{“ A ~|

Voo~ L Cara/zw) |

(8) A A
a = .g‘&./ GJA.
LY/
T ch (§ Yoo )

Cette procédure est couramment employfe sur 1'une de nos installations d’essais de fissuration et n'impose

pas 3 1'opérateur de souder les prises de potentiel exactement 3 l'endroit prévu.

Pour une éprouvette en alliage léger de lirgeur 25 mm et d'@paisseur 2 mm la sensibilité est de
30 mm et la précision supérieure 3 ¥ 5 107 mm avec un courant I”“ =5 A.
Le suivi en continu de la longueur de fissure et 1‘'emploi d'un calculateur en temps réel offrent de
grandes facilités d'automatisation. Comme exemple, la figure 5 montre la réalisation d'un essai de fissura-
tion 3 vitesse constante.

l Longueur fissure {mm)
J
12 o
..
..
..
..
)
10 o
.’
)
..
.-‘..
8 — ...
..
*
Fig. 5 — Essar 4 vitesse de fissuration constante ,'.
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Lorsque l'essai se déroule dans des conditions isothermes, d'alimentation en courant et d'amplifica-
tion de la mesure définis, il est toujours possible d'&tablir une courbe d'étalonnage V(a). Cette procédure
s'utilise dans la majorité des cas en utilisant en paralléle une autre méthode telles que le marquage, la
macrophotographie, le papier conducteur etc... Il faut toutefois prendre des pr&cautions quand 3 la posi-
tion des arrivées de courant et des prises de potentiel.

111.2 ~ Exemples d‘'application

~

II1.2.1 Fissuration en flexion 3 haute température

L'éprouvette utilisde est en alliage réfractaire IN 100 alumiisé de dimensions 170 x 25 x 9 mm, solli-
citée en flexion, sur un montage représenté figure 6. L'@prouvette est isolée &lectriquement, les arrivées
de courant sont placés aux extrémités de celle-ci et les prises de potentiels situées de part et d'autre de
l'entaille initiale. La mise en température de l'&prouvette est faite au moyen d'une chauffage par induc-
tion HF moyenne fréquence (80 kHz) ol la forme de 1'inducteur permet d'obtenir une répartition uniforme de
la température dans la partie utile de 1'éprouvette. La courbe d'étalonnage de la valeur du potentiel en
fonction de la longueur de fissure a &té obtenue par comparaison avec macrophotographies infrarouge (fig.
7). Les résultats obtenus par cette méthode sont en bon accord avec la mesure &lectrique. Il apparaft éga-
lement que pour des essais d trés haute température (1000°C) cette méthode permet d'obtenir des mesures de
variations de fissure de 1'ordre de 0,01 mm.

__-Cotfret inducteur

-~
_. Inducteur

/Eprouvene

_ Dynamométre

Mesure)
ddp

Fig. 6 — Montage pour essais de fissuration en flexion.

— Excitateur électromagnétique

V {a)
8} Volt

Fig. 7 — Essai en flexion. IN 100 4 1000° C. Courbe d’étalonnage. ab

111.2.2 Fissuration sous gradient thermique

L'éprouvette utilisée est en alliage réfractaire IN 100 aluminisé de dimensions 120 x 60 x 3 mm. Cette
éprouvette est en appul sur une de ses extrémités et libre de tout mouvement. L'étude consiste 3 faire
amorcer et croftre une fissure sur un des bords libres, en créant des contraintes d'origines thermiques sur
ces mémes hords figure 8 [10]. Pour générer des pgradients thermiques, nous utilisons un chauffage par
induction HF dont 1'inducteur a specialement &té adapté pour obtenir ces gradients. Le cyclage thermique a
une période de 300 s avec des temps de montée et descente de 60 s et un palier haut de 80 s. La température
maximale sur “eos bords libres est de 1020°C et de 640°C au point bzs, alors que la température au centre de
1'éprouvette dans les mémes conditions est de 610°C et 440°C et 440°C. Les arrivées de courant sont situées
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aux extrémités de la plaque et les prises de potentiel placBes de part et d'autre des bords libres de
celle-ci. L'&talonnage s'est effectué par comparaison avec des macrophotographies sur une &prouvette qui
avait &t& préalablement &quipée de repéres tracés sur celle-ci. Ceci a permis au cours d'un essal de

déterminer 1'amorgage d'une fissure 3 1 ou 2 cycles prés, puis de mesurer sa progression en continu
figure 9.

Fig. 8 — Fissuration sous gradient thermique.

ot

I 1 20 30 Cycles aprésA
0 initiation
Initiation

Fig. 9 — Variation du potentiel électrique lors de I'initiation de fissure.

111.2.3 Essal de bifurcation de fissure

Dans ces essals, 1'éprouvette en alliage léger (2618 A) présente une partie centrale, plate, circu-
latre (@ 300, ep 3) pouvant 8tre sollicitée en traction, sulvant deux axes perpendiculaires. A partir d'une
fisssure artificielle inclinée d'un angle & par rapport 3 un axe de traction, on provoque une fissure

naturelle qui progresse dans la méme direction £ sous l'effet de deux charges &gales en amplitudes et
synchrones.

Pour une longueur de fissure donnée, on modifie le rapport des charges, ce qui entralne un changement
de direction de la fissure aprés une période de réinitialisation. L'&prouvette est &quipée de prises de
potentiel et d'arrivées de courant de part et d'autre de la fissure artificielle (fig. 10). La grande sen=-
sibilité de la méthode a permis de mettre en &vidence deux résultats importants :

AV § Volt
0.7}

O,Gr.

0.5}
Fig. 10 — Essai de bifurcation : courbe d'étalonnage de la

mesure dlectrique. ® @ = 80°, 0 =64°. + a =50°, 8 = 55°, 0.4k
Sa=0°68=0° (lmax = 16 A, G = 25000). '
0.3}

0,2}

01 A

+ Ja
hd 1 L -

1 1 1 1
10 20 30 40 50 60 70 80 mm

- Il est possible de définir avec précision 1'instant de redémarrage de la fissure avec une sensibi-
11té de quelques 1/10 mm.

- D'autre part, le signal de mesure est indépendant pour une large part de 1'orientation du chemin de
fissure et ne dépend que de sa longueur (flg. 10), avec une précision de 1'ordre de ! mm, ce qul est remar~
quable pour une éprouvette de cette dimension. Ce résultat résulte en partie du choix de la position des
connextons d'alimentation et des prises de potentiel.




I1I.3 - D&termination de front de fissure dans les piéces Massives

Si pour les piléces de types bidimensionnels, la détection et la progression d'une fissure pose
quelques problémes, on peut toujours “visualiser” celle-ct par des moyens optiques. Sur les piéces mas-
sives, les moyens optiques ne peuvent visualiser que la partie externe de la fissure, la forme et la dimen-
sion du front restent alors des inconnues. Sur éprouvette, plusieurs méthodes ont &té utilisées telles que
le marquage ou le comptage des stries. Dans toutes ces méthodes, il faut toujours atteindre la rupture de
1'éprouvette pour espérer accéder 3 la forme des fronts de fissure successifs. *

L3 encore, nous avons utilisé la méthode &lectrique pour déterminer les fronts de fissure sur des
éprouvettes massives sous sollicitations cycliques [l1]. Comme toute méthode expérimentale, elle comporte
en plus de 1'aspect mesure proprement dit, un aspect &talonnage qui dans ce cas s'avére délicat.

Le schéma de principe de cette mesure est représenté figure ll. Le relevé de points de mesure multi-
ples de part et d'autre des lévres de la fissure est réalisé par un palpeur 3 double contact, dont la
translation peut &tre facilement automatisée si les formes de section d'éprouvette restent simples (rectan-
gulaire ou circulaire par exemple). L'avantage d'un palpeur mobile est de permettre une mesure continue en
fonction de son déplacement, toutefois une mesure par points 3 l'aide de contacts soudés et d'une commuta-—

tion est également envisageable lors d'essais 3 haute température (jusqu'a 1000°C). Le signal issu du pal-
peur est ensuite amplifié et appliqué 3 l'appareillage &lectronique mentionné.

.. Eprouvette

Palpeur Capteur

dépl acement

Fig. 11 — Principe de la mesure électrique sur éprouvette (3D).

Montage |y
L électronique

Comme indiqué sur la figure 11 le signal mesuré est ensuite envoyé sur la voie Y d'un enregistreur
graphique tandis que la voie X regoit le signal proportionnel au déplacement du palpeur. Le résultat est
par exeample 1'une des courbes du réseau de la figure 12 réseau relevé au cours d'un premier essai de pro-
gression de fissure sur une éprouvette de section 80 x 20 mm en 2618 A sollicitée en tractiom, la fissure
inftiale étant semi~circulaire de rayon 7 mm. Ces courbes sont relatives 3 des fronts de fissure ayant une
forme trés proche d'arc de cercle comme le montre la vue figure 13 qui représente un front de fissure obte-
nu dans les mémes conditions que 1’essal précédent. La similitude entre courbe relevée et front de fissure
est icl trés nette, ce qul nous a encouragé 3 développer cette méthode de mesure en lui adjoignant une pro-

cédure d'étalonnage permettant de remonter au front de fissure d partir de la courbe relevée.

Materiau 2618 A
WVolt g~ 80 x 20 mm?

Méthode de mesure électrique 7T i
=16 A .07 F‘ e /W/
. v S ]

G - 25000

PR S OIS,

-0 0 10 1immi 20

Fig. 12 — Essai de progression de fissure : relevés de tensions. Fig 13 — Faciés de rupture (S = 80 x 20 mm).

111.3.1 Etalonnage par moyen rhéologique

On reconstitue dans un milieu conducteur le potentiel &lectrique existant dans l'éprouvette ou la
structure fissurée. Ce milieu conducteur est de l'eau et la cuve utilisée doit représenter la partie utile
de 1'éprouvette dans un rapport de similitude donné. Enfin la fissure est simulée par une plaque isolante

et les prises de potentiel s'effectuent 4 1'afde d'un palpeur mobile d’'une maniére identique i celle de
1'essal mécanique.

La figure 14 montre le principe de détermination du front de fissure dans une &prouvette a 1‘'aide de
cette cuve :




- on reldve sur 1'&prouvette la courbe V(4) résultant de 1'application de la mesure &lectrique (fig.
l4a ;

- on cherche & reconstituer, sur la cuve rhéoflectrique, une courbe V'(4') similaire 3 V(A4), par
modifications successives de la plaque isolante représentant la surface fissurée (fig. 14b) ; ces approxi-
mations se réalisent par simple découpage de la plaque ;

- la concordance des courbes V et V' entralne la conclusion que front de fissure réel et forme de fis-
sure figurée sont dans le rapport de similitude éprouvette-cuve.
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Fig. 14 — Détermination par analogie d‘un front de fissure.

I11.3.2 Applications

La figure 15 décrit un premier exemple sur une &prouvette en alliage léger (2618) A de section carrée,
soumise 3 un chargement ondulé en flexion 4 points. Deux fissures de coin se propagent dans la section
centrale d partir de 2 amorces de rayon 5 mm. Les conditions d'application de la méthode Electrique sont
indiquées sur la figure 15. Au cours de l'essai, plusieurs relevés de tension sont effectués le long des
lévres de la fissure en fonction de la progression de celle-ci. On procéde &galement au marquage de
certains fronts par injection de colorants, et aux enregistrements relatifs 3 ces marquages. Grdce 3 ces
relevés, on peut avoir une bonne idée de la forme des fronts ainsi que de leur accroissement.

Imax ~ 16 A
Materiau 2618.A
G - 20000 S =45 x 45 mm
Vet = 1 Volt
{10 cm)
t N’ de tront

4 —»

3 —»

2 —>» .

1 —» N N N\ N 4 - 1
2 N \‘ d

) NN NS s 2t

- 20 - 10 0 10 20 | tmm)
— I - i i 1 .

Fig. 15 — Progression de fissures dans un bsrreau. Mesure électrique.

On remarque en particulier que la fissure droite s‘est propagée l&gérement plus vite que la gauche. En
supposant 1'éprouvette non rompue, il faut alors &tablir leurs formes 3 partir des relevés correspondants.
Nous avons alors appliqué trois méthodes, différentes dans leur principe (fig. 16). Dans le premier cas,
nous avons cherché & faire correspondre en chaque point de relevé de tension, la profondeur de fissure don-
nfe par 1'étalonnage bidimensionnel de la figure 3. Cette premiére comparaison est évidemment trés mauvai-
se. Dans le deuxiéme cas, nous utilisons un étalonnage 3D, tension maximale en fonction du rayon de fis-
sure, pour fissure en quart de cercle qui nous donne un résultat plus réaliste. Enfin la méthode générale
par approximation de la forme de la fissure artificielle donne un résultat trés correct avec une incerti-

tude inférieure 3 0,2 mm sur le front réel.
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Un deuxiéme exemple concerne l'&tude de 1'amorgage sur une &prouvette cylindrique sollicitée en trac~
tion, de ® 20 mwm en AISI 316, comportant un coefficient de concentration de contrainte donné par une gorge
de profondeur 2 mm et un rayon de fond d'entaille de 0,5 mm (fig. 17). Pour détecter 1'amorgage en fonction
du nombre de cycles de sollicitations, on enregistre simultanément 1'&volution de la tension en trois
points situés 3 120° autour de la gorge. L'expérience montre que l'amorgage est quasi simultané en tout
point du fond de gorge et que la fissure se propage presque 8 vitesse uniforme.
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éprouvette cylindrique entaillée. l ! | £talonnage sur cuve
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On mesure donc une profondeur moyenne de fissure 3 partir de la moyenne des trois tensions et d'un
étalonnage (figure 17). Le matériau &tant trés ductile, le début de 1'évolution de la tension mesurfe est
due 8 la déformation plastique de 1'@prouvette et non 3 1'amorgage. Nous avons donc enregistré é&galement
1'évolution de cette d&formation et, compte tenu d'une relation linfaire entre tension et déplacement
plastique explicitée plus loin [13), 1'apparition d'un coude prononcé sur le graphe AV , Alp (fig. 18)
indique le début de l'amorgage. Ceci est confirmé par examen des faciés aprés rupture des éprouvettes et
1'on peut voir sur la figure 17 que la mesure &lectrique donne des résultats trés proches de la réalité, 3

environ 0,1 am prés.

Y

Fig. 18 ~ Détermination de I'amorcage.
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VI - EXTENSION DES POSSIBILITES D'UTILISATION DE LA METHODE ELECTRIQUE

Ainsi que nous 1'avons déjd mentionné en introduction, un élément de volume de matériau, soumis i des
charges répétées dans le temps, est le siége d'un endommagement progressif, se traduisant par 1'apparition
de microvides ou microfissures. Mais, indépendamment de tout endommagement, ce méme élément subit des dé&-
formations élastiques et, quelquefois, plastigues. 11 est intéressant de noter que chacun de ces trols phé-
endommagement, déformation &lastique, déformation plastique présente des aspects physiques spéci-
fiques : variations de distance interatomiques pour le premier, activation de mécanismes de glissement pour
le second, création de défauts microscopiques pour le troisi€me, qui tous dolvent influencer la “fonction
de transfert” électrique de 1'élément ; d'od 1'idée d'8tendre les applications de la méthode &lectrique.

noménes :




IV.l - Etude &lectrique du probléme

Considérons un &l&ment de volume définil par un tube de courant élémentaire et deux surfaces équipoten-
tielles voisines (fig. 19), de longueur dl et de section dS. A courant constant, et en supposant le maté-
riau vierge de toute déformation, la différence de potentiel nous est donné par la relation classique :

V- P4t 4o
9 d Fdsd

of P représente la résistivité du matériau. S1 cet &lément de volume &lémentaire est soumis 3 une sol-
liciration de traction simple paralléle 3 la directifon du courant, la nouvelle valeur de la ddp est
alors :

1 _ ’d-_l'd_
(10) d,V = ds, %

Les variations de f’ , d1, dS dépendent uniquement des variations de géométries dues aux déformations
&lastiques et plastiqucs. Si de plus, on suppose l'existence d'un endommagement, on peut le prendre en
compte en utilisant le concept de la "contrainte effective” qui consiste & remplacer une section endommagée
dS par une section &quivalente dS (1-D), vis-3-vis du comportement mécanique (fig. 20), [3].

F F
1Y} 1444

W Ty

o=F/S 0<D<1 0 = F/S(1-D}

Fig. 20 — Représentation schématique du
Fig. 19 — Volume élémentaire considérée. concept de la contrainte effective.

11 faut alors quantifier les valeurs de P , d1, dS, de maniére 3 discerner au cours d'une variation
de ddp, ce qui est réellement imputable 3 1l'enliommagement. Pour d&terminer les valeurs relatives aux varia-
tions de déformation et d'endommagement nous faisons une premiére hypothése, en supposant que le tenseur
des déformations est constitué par la diagonale :

an €e + Ep Aee_%er ) ,nee_%ef,

¢ coefficient de poisson et eP déformation plastique 3 volume constant). Ceci nous permet de définir
les relations :

(12) 4. dal (A+Ee+Ep) , A9 = d5(4-e- &)

La seconde hypothése concerne la variation de résistivité due aux déformations [14]. Cet effet "pilézo-
électrique” étudié par Bridgman {15} traduit la variation relative de la résistivité&, proportionnelle 3 la
variation relative de volume ou aux déformations longitudinales et transversales [16], [17], & 1'aide de
deux coefficients v4 «t Cp . %1 de plus on considére que 1'endommagement n'influe pas sur la résistivité
et qu'il est uniquement pris en compte par une réduction de section, on obtient alors :

() f)'; P[4+°1(€e+€r)— Cg(l%f;»«éy)]

(14) Al = Al (14 Ec+Ep)

(15) ds = d5(4-D)(4-29€e - €,)

d'od :
(1) BV _ dV-dV , kee+ Ky & + D

avec

(17)»&.¢=1+2 +¢c -2 ¢

(18)11?-2-#(7 - C

Cette décomposition permet de retrouver la valeur expérimentale de Kp proche de 2, ce qui indique que 1'in- W
fluence de la déformatfon plastique sur la ddp se limite aux termes géométriques. Ce coefficient est le
méme que celui utili{sé dans la théorle des Jauges.




IV.2 - Application de la m&thode sur &prouvette

Comme nous venons de le voir, il est possible sur un &lement géométrique simple de relier une mesure
de ddp & une variation de déformation ou d'endommagement. Dans la pratique, il n'est pas toujours facile
d'appliquer la méthode de mesure, & cause des géométries différentes de &prouvettes. Dans ce cas, il faut
utiliser une méthode définie en [13) ol la forme la plus générale de variation de ddp en fonction des
divers impératifs de mesure s'crit :

(19) AV = Ke B8 + K DLy 4K,

oii Ke et Kp sont des coefficients qui relient la variation de ddp & la variation d'allongement &lastique
et plastique, et K, coefficient qui rend compte du niveau de détérioration. Cette valeur que l'on peut
qualifier de dommage est nulle lorsque le dommage est nul puls proportionnel a _%. .
A=

Dans le cas précis d'essal d'écrouissage par exemple, une des applications immédiates de la méthode consis-
te 3 la détermination de courbe Force-Déplacement, connalssant la courbe Force-d.d.p. En effet, si l'on
connaft les coefficients Ke et kP du matériau en introduisant la raideur de l'€prouvette R, la relation
(19) permet alors de définir

(20) AV = Ke % + Kp Azf’

En supposant qu'il n'existe pas de dommage, on peut alors facilement d&terminer la courbe F ,AZ
(fig. 21).
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IV.3 - Evaluation du dommage

Sur de nombreux essais de fatigue oligocycliques que nous avons effectués a4 force imposée ou 3 dépla-
cement imposé, 1'ensemble des résultats obtenus nous a amené i faire les constatations suivantes :

- Essals 3 Force imposée : dans tous ces essais, la variation de l'amplitude du potentiel &lectrique
A apparaft plus rapidement et d'une fagon plus importante que l'amplitude de déformation plastique 3
1'approche de la rupture de 1'éprouvette.

- Essais 3 Déformation imposée : il o=t également apparu lors de ces essals qu'aprés stabilisation de
1'amplitude de la force, 1'évolution de AV se produisait bien avant une chute de 1'amplitude de la force
et d'une fagon plus significative.

Dans ces deux types d'exemples, et comme {1 a &té montre en [1B], cecl est di au fait que la mesure du
potentiel &lectrique est sensible 3 la présence de micro-fissure.

D'aprés les hypothdses et relations écrites précédemment, le coefficient ¥p traduit 1'Stat d'endom-
magement de 1'éprouvette ou de la structure. On peut volr sur la figure 22 un excaple de la manifestation
de ce coefficfent 1lors d'un essal de fatigue. Sur cette figure sont représentées les boucles
Force-Déplacement et Force~d.d.p 3 différents nombres de cycles. A force nulle, on constate une dérive de
la boucle Force-d.d.p. En fonction du nombre de rvcles on peut évaluer la valeur de cette dérive grice au
terme Kp - AVP - K’,A!T'\Zl) proportionnel 3 D , puis comme (1 a été {ndiqué en [13] déterminer la
valeur de D. 4-D




Cyclei
Kp = AVp/aDp
Kpi = Vp, = KpDp;

F j daN
Cycle
Kp = AVp/ADp
Kpj = Vpi - Kp D,;,i
JDm
Dp]

Fig. 22 — Evolution des coefficients Kp et Kp au cours des cycles.

Pour vallder les r&sultats obtenus au cours de différents essais, nous les avons comparés 3 d'autres
types de méthodes tels que :

- Mesure mécanique de 1'évolution de la raideur de 1'Eprouvette en cours d'essai.

- Méthode de calcul de 1'endommagement par un modéle développé & 1'ONERA [19], ainsi qu'une représen-
tation plus simple tenant compte de 1'6volution de 1l'amplitude de déformation plastique.

D'autre part, pour “visualiser” le dommage, nous avons effectué quelques histogrammes de longueur de
fissure (mesure de densités et longueurs de fissure sur coupe longitudinale) sur des essais interrompus i
des valeurs de K dé&finies 4 1'avance.

IV.4 - Résultats expérimentaux

Des essals 3 température ambiante ont &té effectués sur des &prouvettes en AISI 316 de § 6 omm et
comportant une partie cylindrique de 12 mm (fig. 23). Pour la suite, tous les essais seront relatifs au
méme type d'éprouvette. La figure 24 montre les résultats obtenus sur un essai 3 force imposée 3 un niveau
figure 24a et 3 deux niveaux figure 24b, dans le plan D, Mq- La comparaison se fait par rapport 4 un
calcul du dommage utilisant des mesures de variation de raideur. De wm@me sur la figure 24c, une comparaison
identique a &té faite sur un essai 3 déformation imposée.
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Fig. 23 — Type d’dprouvette utilisé.

Pour ces trois types d'essais, les valeurs du dommage calculées en utilisant la variation de raideur
sont en bon accord avec les résultats obtenus par la méthode &lectrique.

Pour "visualiser” le dommage dans une éprouvette, nous avons interrompu un essai de déformation i-no-
sée (¥ 1 Z , 0,3 Hz, 920 cycles) sur une éprouvette en AISI 316, pour une valeur de K’ v = 1,3
(V valeur de potentiel initial). Nous avons ensuite découpé cette &prouvette par &lectroérosiun dans le
sens de son plus grand axe puis poli les surfaces de maniére 3 permettre une &tude au microscope. L'ensem-
ble des relevés est présenté sur 1'histogramme des longueurs de fissures de la figure 25. Dans cet histo-
gramme on visualise effectivement la notlon de dommage, par 1l'existence d'un trés grand nombre de fissures
de l'ordre de ‘~}L , réparties d'une fagon aléatoire sur la partie centrale de 1'éprouvette. Il existe seu-
lement quelques fissures qui ont une dimension de l'ordre de 100/U~. ce qui peut signifier que celles-ci
sont passées au stade du macro-amorgage. Le fait que 1'éprouvette &tudiée comporte un grand nombre de
microfissure peut &tre 11 3 son comportement mécanique trés viscoplastique et également 3 son mode d'usi-
nage (tournage fin). A titre indicatif, le nombre de cycle d rupture sur une &prouvette sollicitée dans les
mémes conditions est de 1546 cycles, ce qui donne une idée de la détection /N = 0,6.
Sur un autre exemple qui sera exposé par la suite (INCO 718, 650°C, rectifié-poii), un essai dans les mémes
conditions ne donne qu'une fissuyre.
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o Fig. 25 — Histog des long s de fissure.
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- Nous avons également réalisé des essals de fatigue sur des éprouvettes en alliage IN 100 & 900°C et
\d 1000°C. Sur 1'essal de fatigue viscoplastique réalisé 3 900°C, la comparaison du dommage a &té faite par
' rapport 3 un calcul utilisant les lois de rupture de 1'ONERA. Sur la figure 26 nous avons reporté 1'évolu-
ot tion du coefficient Kp en présence de dommage, ainsi que la valeur de D obtenu grice au terme Kp suivant
" {13], et 1'on constate une bonne confrontation. Sur ce méme matériau et & la température de 1G00°C, nous
_'-' avons r8alisé un essai 3 contrainte imposfe. Les résultats obtenus sont présentés sur la figure 27 ; 1l'éva-
) luation du dommage s'est effectufe en considérant 1l'augmentation de la déformatfion plastique maximale. La

comparaison entre ces deux types de mesure se révéle favorable compte tenu de 1l'incertitude non négligeable
de ce genre de mesures obtenues par différence de deux &tats voisins.
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Fig. 26 — Essai de fatigue sur alliage IN 100 &

900°C. s/ Détermination du coefficient Kp .

b) Comparsison du dommage mesuré svec un
calcul.
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L'application de cette méthode d'8valuation du dommage a Sgalement &té utilisée sur des &prouvettes en
INCO 718 3 650°C usinées par tournage fin puis polies. Certains egsais ont &té menés jusqu'd rupture, alors
que d'autre ont &té interrompus pour des valeurs de Kp/v = 1077, pour permettre des contrSles optiques

éventuels (repliques, histogramme des fissures). On montre sur la figure 28, 1'évolution du coefficient Kp
en fonction du nombre de cycles pour un essai & déformation lmposée. On constate que la valeur de Kp reste
stable pendant la majeure partie de l'essal puis varle trés rapidement jusqu'd la rupture de l'&prouvette.
Ceci peut &tre 118 3 ce qul a été dit précédemment sur l'usinage et le comportement mécanique du matériau.
Une grande partie de l'essal a &té indispensable pour initier une microfissure au voisinage d'un défaut
(début de l'endommagement) puls trés rapidement il y a eu propagation et rupture de l'éprouvette sur une
seule fissure.

Koi Volit
INCO 718 T =650°
J €=+045%
)
0,51

./
- =" Cycles

1000 2000 3000 4000 5000 N

Fig. 28 ~ Evolution du coefficient Kp er cours d'esssi.

Par la suite, et dans les mémes conditions de sollicitations, nous avons interrompu l'essai pour une
valeur de K’/V = 1,2.10" . Sur la figure 29 on peut voir 1'&volution du coefficient K, en fonction du nom-
bre de cycles jusqu'3 1'arrét de 1'essal. Dans cet essai, on peut constater que l'obtention de K, a &été
possible malgré une dispersion importante dans les nombres de cycles (19150 cycles, fissure extéricure

£ 1 mm),

Kp l Volt
0,1T
INCO718 T = 650"C e=t045%
0,084 f=05Hz
0.064
004}
0.02+4 19150
Cycles
5000 10000 15000 20000 N

Fig. 29 — Evolution du coefficient Kp jusqu’d la valeur Kp/V = 1,2.10°°

L'évaluation de la valeur de Kp représentative du dommage a également &té appliquée sur des essals de
fluage 3 haute température. Les &prouvettes en alllage IN 100 étaient chauffées par {nduction H.F. &
1000°C. Par asilleurs, nous avons &galement effectué des essais en fatigue-iluage, afin de vérifier 1'ad-
ditivité des dommages consécutifs 3 des sollicitations différentes.
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Sur la figure 30, 1l'évolution du coefficient Kp est représentée en fonction de l'allongement des
&prouvettes pour divers cas de chargement. Ces essais wontrent 1'influence d'un chargement préliminaire de
fluage, suivi d'un essai de fatigue, od le dommage créé en fluage (microvides, microdéfauts) accélére le
processus d'endommagement en fatigue. Au cours d'un essai de fluage, une comparaison de la mesure du dom-
mage est faite par rapport 3 la lol de Norton (augmentation de la vitesse de déformation plastique)
(fi1g. 31). Dans cette comparaison, il semble que la mesure électrique sous-estime les résultats obtenus

avec la loi de Norton.
Av } 10"
v e Fluagetg =30 h

IN 100 ~ 1000° C .

Fluage 31 h
+ fatigue

Fluage 25 h
+ fatigue

1 +
Fame 3
54 +.%

&

Al (mm)

T L

0 0.5 1 15

Fig. 30 — Evaluation du dommage par la mesure du coefficient Kp

sur divers essais.
DA
Fluage 0 = 240 MPa
024 IN100 ~ 1000°C A
A
0.14
t/t,
Y —

f
0,5 1
Fig. 31 ~ Comparaison entre les mesures de dommage par méthode
édlectrique (—) et mécanique ().

Une application de la méthode est actuellement en cours sur une structure, mais n'a pas encore donnée
de résultat. Cette application consiste 3 faire des mesures systématiques sur 1'alésage et le fond
d'alvéole d'un disque de turbine sollicitée par des cyclages en rotation, & la température de 600°C (fig.

32). Les mesures sont faltes 3 température ambiante aprés arrét de l'essal et démontage du disque, le but
&tant la détection d'une fissure de dimension inférieure i 1 mm.

Fig. 32 — Essai de détection de fissure sur structure.
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V - CONCLUSION

La méthode électrique (PDT) dans sa version améliorée s'avére particuliérement adaptée d la détection
ou 4 la progression de fissure 3 température ambiante et 3 haute température dans son utilisation en labo-
ratoire. Pour la détection de l'amorgage, un grand nombre d'essals ont mis en évidence la possibilité
d'évaluer un dommage et de suivre son &volution au cours du temps. Cette mesure peut &tre acquise en
continu et éventuellement en temps réel de maniére 3 arréter l'essal pour une valeur de dommage donnée.

La mesure du dommage obtenue par cette méthode est un complément expérimental précieux dans la recher-
che de lois d'endommagements tridimensionnelles. Son extension sur certaines structures de type industriel
est en cours de réalisation et devrait permettre de suivre 1'évolution de "défauts”, “in situ”, en temps
réel.

Concernant la progression de fissure, la méthode constitue un maillon important dans la chafne de
comparaison essai-calcul, pour divers types de chargements (sinusoldal, al@atoire, Falstaff, Twist) ainsi
qu'd haute température.

Enfin, concernant les piéces massives, 1'utilisation de la méthode du potentiel &électrique a permis de R
connaftre 1'&volution de fronts de fissure avec une bonne sensibilité et une mise en oeuvre relativement S

aisée. Associée d une méthode d'étalonnage appropriée, cette méthode peut &tre d'une grande utilité pour e
les contrdles non destructifs sur des piéces réelles. e,
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